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depuis 2002.
- Sarkissian et al., http://bdap.ipsl.fr/fondue/ : Projet ISSI de bases de donne´es de mesure
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Participation a` l’encadrement du travail de the`se
(Nom du directeur de the`se, % de ma participation)
- Thierry Carpentier 1992-1996 (J.-P. Pommereau, 20%), de´veloppement d’un capteur pour
l’e´tude de l’atmosphe`re de Mars ODS.
- Ce´line Philips 1993-1997 (J. -P. Pommereau, 20 %), De´veloppement d’un spectrome`tre
embarque´ en ballon pour l’e´tude des composants minoritaires de l’atmosphe`re terrestre,
une publication [15].
- Vanessa Sherlock 1995-1998 (A. Hauchecorne, 10 %) e´tude des nuages dans l’atmosphe`re
de la Terre.
- Fe´de´rico Fierli 1998-2000 (A. Hauchecorne, 20 %), e´tude des nuages dans l’atmosphe`re de
la Terre.
- Nicolas Yan 2003-2006 (E. Chassefie`re, 20%), e´tude des proprie´te´s thermiques du sol de
Mercure, une publication [20].
- Younes Gabsi 2004- 2008 (A. Hauchecorne, 10%), e´tude des vents dans l’atmosphe`re de
Ve´nus.
- Christophe Hoareau 2008- (P. Keckhut, 20 %), mesure de la vapeur d’eau par Lidar, une
publication [21].
- Sulaf Alkasm 2008- (P. Keckhut, 90 % en attente HDR), e´tude des composants minoritaires
de l’atmosphe`re de la Terre mesure´s dans les spectres d’Elodie a` l’OHP.
De´veloppement d’instruments
2004 - 2007: De´tecteur d’Exoplane`tes par Photome´trie Infra-Rouge (DEPIR) en collabora-
tion avec le Laboratoire de Me´te´orologie Dynamique (LMD), 2 fois une semaine d’observation
a` l’OHP, les hivers 2005 et 2006, une publication [24].
Taˆches de service
- Responsable dans le cadre des Services d’Observation de l’IPSL (i) des spectrome`tres
Dobson de l’OHP et de Bordeaux, (ii) de la station NDSC Alomar en Norve`ge; et (iii) du
re´seau SAOZ de 1996 a` De´cembre 2001.
- Responsable de la coordination des activite´s denseignement a` l’OHP dans le cadre des
Services dObservation de lIPSL depuis Janvier 2002.
- Responsable et fondateur de base de Donne´es sur les Atmosphe`res Plane´taires (BDAP,
http://bdap.ipsl.fr/).
- Responsable et fondateur du noeud Atmosphe`res d’IDIS du programme eu-
rope´en Europlanet (FP6 et FP7) (http://bdap.ipsl.fr/idis/).
- Responsable et fondateur du centre de Donne´es the´matique FONDUE depuis janvier 2008
(Fully On-line Data center for Ultraviolet Emissions, http://bdap.ipsl.fr/fondue/).
- Responsable et fondateur du centre de Donne´es the´matique VO-SCAT depuis
Janvier 2010 (Observatoire Virtuel Soleil-Climat-Atmosphe`re de la Terre,
http://bdap.ipsl.fr/voscat/).
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Enseignement
- Co-responsable du M2 international ”Arctic Studies” a` l’UVSQ, ouverture
rentre´e 2010 (http://www.uvsq.fr/formations-et-inscriptions/master-professionnel-arctic-
studies-63103.kjsp?RH=ACCUEIL-FR).
- 34 participations (dont 24 avec l’organisation de la formation) de 1996 a` 2010 a` des
formations et e´coles doctorales (dont 14 ERCA, 12 SIMO et 7 DEA Astro, 1 ENS) sur site
instrumental a` l’OHP avec se´minaires, pre´sentation instrumentale et TP sur instruments,
pour des e´tudiants de DEA ou en The`se, de niveau national et international.
ERCA: European Research Courses on Atmospheres, 50 a` 60 e´tudiants, international,
(http://www-lgge.ujf-grenoble.fr/enseignement/erca/).
SIMO: Stage d’Initiation aux me´thodes d’Observation, 20 a` 50 e´tudiants,
(http://simo.ipsl.jussieu.fr/).
- Responsable pour le re´seau SAOZ de la formation des hivernants de l’IFRTP (maintenant
Institut Paul-Emile Victor, IPEV) de 1996 a` 2000.
- TP en 1998-1999 et 1999-2000, ”Pollution Urbaine l’Instrument SANOA ” pour le DESS
de l’UVSQ ”Qualite´ de l’Air et Lutte contre le Bruit ”.
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A. Synthe`se des travaux scientifiques
I. Introduction
C’est a` l’intersection des domaines de recherches qu’il y a aujourd’hui le plus de chance
de participer a` une de´couverte majeure. Les domaines eux-meˆme sont tre`s bien cou-
verts et c’est vrai qu’il faut parfois tant se spe´cialiser que les aspects marginaux nous
e´chappent. Voila une motivation qui sort des motivations scientifiques actuelles telles que
la compre´hention de la destruction de l’ozone polaire, l’e´volution de notre climat, ou la
recherche d’une vie en dehors de notre plane`te. C’est pourtant e´galement une motiva-
tion qui permet d’eˆtre simultane´ment sur plusieurs sujets bruˆlants du moment. Ainsi,
mon travail passe´, actuel et probablement futur sur les atmosphe`res et les climats de la
Terre en particulier et en plane´tologie en ge´ne´ral montrent bien le fil conducteur de mes
recherches. La spectroscopie et la mode´lisation radiative e´taient mes outils qui jusqu’a`
pre´sent marquaient les limites de ces recherches.
Mon investissement re´cent aux techniques de l’observatoire virtuel oriente´ vers la fouille
et le traitement massifs d’archives ou de donne´es est mon troisie`me outil. C’e´tait de´ja`
mon outil (plus primitif, car la notion d’interope´rabilite´ n’y e´tait pas associe´e) lorsque
je faisais ma the`se sur le SAOZ (Syste`me d’Analyse par Observation au Ze´nith). C’est
encore plus le cas maintenant puisque j’exploite le DFBS (Digitized First Byurakan Sur-
vey) ou l’Archive Elodie de l’OHP (Observatoire de Haute-Provence) avec les standards
de l’Observatoire Virtuel (VO, pour Virtual Observatory en anglais). C’est la raison
pour laquelle je me suis oriente´ de`s sa cre´ation vers l’Observatoire Virtuel qui, graˆce au
concept d’interope´rabilite´, pouvait faciliter mes recherches mais aussi leur permettre de
se de´velopper en utilisant ce troisie`me outil qui est issu d’un domaine que vous pourrez
appeller la recherche informatique applique´e.
J’ai divise´ ce document en deux parties principales pour se´parer mes activite´s passe´es
de mes projets a` venir. Je pre´senterai dans cette section les quatres grands the`mes
scientifiques auxquels j’ai participe´ au cours de mes activite´s, sur l’ozone polaire, la
de´tection d’exoplane`tes par photome´trie infrarouge, la vapeur d’eau atmosphe´rique, et
l’Observatoire Virtuel. Ces activite´s ont e´te´ accompagne´es de nombreuses campagnes
d’observation sur le terrain et d’ateliers de travail que je ne pourrai pas e´nume´rer ici,
mais je pense qu’il faut bien insister sur le fait que j’ai un profil instrumentaliste de
terrain et que la partie Observatoire Virtuel que je vais pre´senter est un comple´ment in-
dissociable de l’expe´rimentation car elle permet la valorisation de ces activite´s.
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II. L’ozone polaire
La destruction de l’ozone polaire avec ses eﬀets sur l’environnement polaire ou a`
moyennes latitudes, et ceux sur l’augmentation du rayonnement UV qu’elle entraine a
e´te´ l’un des e´le´ments moteur depuis plus d’une vingtaine d’anne´e de l’activite´ de toute
une communaute´ dont je fais partie. L’importance de son e´tude a` court et long ter-
mes et de sa surveillance journalie`re a entraine´ des de´veloppements instrumentaux et de
mode´lisation qui ont permis de bien comprendre les causes et les eﬀets de ce phe´nome`ne
qui re´sulte principalement de l’activite´ humaine, sans ne´gliger le roˆle e´galement important
du Soleil en particulier et d’autres phe´nome`nes naturels en ge´ne´ral (volcanisme, inclinai-
son de l’orbite de la Terre, etc...). Dans cette partie, ma contribution porte surtout sur
la possibilite´ d’e´tudier l’impact des nuages stratosphe´riques polaires sur la destruction de
l’ozone [1,5] et l’e´valuation annuelle de cette destruction [15]. Je vais pre´senter ici ma
contribution a` ces activite´s.
Mon travail de the`se puis mon expe´rience de post-doctorant au British Antartic Survey
m’ont permis de me spe´cialiser dans l’e´tude des atmosphe`res des plane`tes, principalement
de la Terre, avec comme principales applications:
- Mise au point d’une me´thode de de´tection des nuages et des poussie`res dans les atmo-
sphe`res des plane`tes, c’est mon sujet de the`se [1,5];
- Etude du roˆle du facteur de masse d’air dans les mesures cre´pusculaires de l’ozone par
spectrome´trie UV-visible du ciel au ze´nith [3];
- Participation a` la validation des donne´es du re´seau SAOZ sol pour mise a` disposition
dans les banques de donne´es internationales et europe´ennes (NDSC-Network for Detection
of Stratospheric Changes, maintenant NDACC- Network for Detection of Atmospheric
and Climates Changes, NILU Data Centre (Centre de Donne´es des campagnes Arctiques
KEOPS en 1991, EASOE en 1993 et SESAME en 1995) et en libre acce`s au Service
d’Ae´ronomie (Base de donne´es SAOZ);
- Participation a` l’ame´lioration de l’analyse spectrale des donne´es du re´seau SAOZ sol
[2,3,4,6];
Si ce dernier point est plus technique que scientifique (ou plus ”service d’observation”),
c’est bien suˆr en aﬃnant celui-ci que nous avons pu avancer sur les trois premiers points
tant pour la Terre et le re´seau SAOZ que pour la plane´tologie. A noter e´galement les
de´buts de mes implications dans le principe d’Observatoire Virtuel (qui n’existait pas
encore a` l’e´poque) avec la mise en ligne en temps re´el des donne´es du re´seau SAOZ sur
internet de`s 1994 a` mon retour du British Antarctic Survey.
Mon programme de recherche a ensuite e´te´ oriente´ vers la compre´hension du roˆle du
rayonnement UV et visible dans l’atmosphe`re de la Terre comme suite logique a` mon tra-
vail de the`se puis de post doc au British Antartic Survey, en ne ne´gligeant pas l’influence
des ae´rosols, la diﬀusion multiple et la polarisation de la lumie`re diﬀuse´e. J’ai ainsi par-
ticipe´ a`:
- L’e´tude des variations saisonnie`res de l’apparition des nuages polaires stratosphe´riques
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en Arctique [5];
- La poursuite de l’ame´lioration de l’analyse spectrale des donne´es du re´seau SAOZ sol
[9,10,12,14,16];
- L’e´tude du roˆle du facteur de masse d’air dans les mesures cre´pusculaires de l’ozone et
du NO2 par spectrome´trie UV-visible au ze´nith [7,8,11,18];
- La validation des donne´es du re´seau SAOZ sol pour mise a` disposition dans les banques
de donne´es (NDSC, NILU, SAOZ) [13];
- La quantification de la destruction d’ozone dans le vortex polaire arctique [15];
- La validation des donne´es GOME (Global Ozone Monitoring Experiment, expe´rience
embarque´e sur satellite) a` l’aide des donne´es du re´seau SAOZ sol [13,17].
L’aﬃnement de nos connaissances sur l’e´tude de la destruction de l’ozone polaire et ma
participation a` ces progre`s dans le cadre de collaborations internationales ont e´te´ mis en
e´vidence par ma participation active aux principales campagnes d’observations en re´gions
polaires, ainsi qu’a` l’interpre´tation des observations obtenues durant ces campagnes. Des
e´tudes de tendances, possibles de`s les anne´es 2000 graˆce aux longues se´ries de donne´es
(plus de 11 ans, le cycle solaire) accessibles dans les bases de donne´es mises en route a`
cette e´poque, telles que le NDSC que nous avions e´galement tre`s largement alimente´.
C’est a` partir de ces donne´es que j’ai pu mettre en e´vidence la fre´quence d’apparition des
nuages stratosphe´riques polaires et montrer que ceux ci e´taient de plus en plus fre´quents
depuis les anne´es quatre-vingt dix au dessus de l’Arctique principalement en janvier et
fe´vrier, qu’ils pouvaient toutefois apparaitre e´galement de fac¸on plus ponctuelle quelque-
fois en de´cembre ou en mars, avec tout ce que cela implique dans les taux de destructions de
l’ozone dans ces re´gions [5, 15]. En fait, il est clairement apparu que les nuages forme´s au
printemps avaient un eﬀet sur l’ozone beaucoup plus prononce´ que ceux qui apparaissent
en hiver car ce n’est pas la formation, mais plutoˆt leur e´vaporation qui aﬀecte l’e´quilibre
de l’ozone stratosphe´rique en libe´rant les produits azote´s pie´ge´s dans les cristaux de ces
particules pendant leur formation.
En ce qui concerne les mesures de l’ozone avec le re´seau SAOZ, il est toujours comple`te-
ment ope´rationel avec plus d’une vingtaine d’instruments re´partis tout autour du globe
et ce re´seau est particulie`rement utilise´ lors des validations satellitaires, des campagnes
the´matiques, de l’e´tude des tendances et de la surveillance d’e´ve`nements particuliers tels
qu’une e´ruption volcanique. Nous avons ainsi montre´ et e´value´ l’amplitude de la destruc-
tion de l’ozone stratosphe´rique dans l’he´misphe`re Nord au printemps en comparant nos
observations aux sorties de mode`les dans lesquels nous n’avions laisse´ que la dynamique
pour e´valuer la fraction due a` la chimie stratosphe´rique dans cette destruction. Cette
me´thode d’e´valuation est toujours exploite´e aujourd’hui car elle permet d’identifier claire-
ment l’origine de la destruction d’ozone en re´gions polaires en hiver et au printemps
(Figure 1). A noter e´galement que cette e´tude a donne´e lieu a` la publication la plus cite´e
de mes travaux [15].
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Figure 1: Destruction de l’ozone Arctique observe´e par le re´seau SAOZ, d’apre`s [15].
III. Mise au point d’un instrument infrarouge pour la mesure de la tempe´rature
a` la surface des exoplane`tes
La de´couverte vers les anne´es 1995 puis l’e´tude des exoplane`tes par la me´thode des
vitesses radiales a une importance primordiale tant sur la compre´hension de la formation
des syste`mes stellaires, et en particulier du Syste`me Solaire, que sur la de´monstration
que des situations similaires a` celles rencontre´es sur Terre peuvent exister en dehors du
syste`me solaire. En eﬀectuant des recherches dans l’infrarouge, nous avons acce`s a` la
tempe´rature des exoplane`tes et donc aux conditions a` leur surface. Ceci est d’une impor-
tance capitale car il est maintenant clair pour toute la communaute´ scientifique concerne´e
que l’e´tape a` venir concerne la de´couverte d’une plane`te sur laquelle la vie est possible ou
au moins envisageable. De plus, cette tempe´rature donne e´galement acce`s a` la pre´sence
ou non d’atmosphe`re (apre`s la taille et la masse qui sont les parame`tres de´terminants) et
a` toutes les implications que cela entraˆıne, en dynamique de l’atmosphe`re dans des cas
extreˆmes par exemple avec un gradient de tempe´rature important entre les faces e´claire´es
et celles a` l’ombre pour les plane`tes synchrones. Les re´centes possibilite´s d’observations
depuis l’espace en infrarouge ont favorise´ ce type d’e´tudes qui e´taient a` leurs de´but dans
les anne´es 2000 a` 2003. La recherche de me´thodes autres que celle des vitesses radiales est
justifie´e par l’acce`s a` de nouveaux parame`tres, un challenge pour la discipline. Notez que
la mesure de la tempe´rature par observation en infrarouge pendant le passage de la plane`te
devant le disque de l’e´toile ou pendant l’e´clipse de la plane`te a, depuis le de´veloppement
de cette expe´rience, de´ja` e´te´ re´alise´e depuis l’espace.
Il faut noter e´galement que pour faire de telles e´tudes, il fallait que je de´veloppe des
mode`les thermiques et radiatifs pour les solides et pour les atmosphe`res, et qu’ils m’ont
servi d’outils dans ce chapitre.
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Figure 2: Principe de la me´thode de de´tection.
Cette expe´rience correspond a` ma prise d’autonomie scientifique, pe´riode de recherche
d’un sujet exotique et d’actualite´ dans le domaine de mon expertise. C’est pour cela que
l’on verra apparaitre des recherches bre`ves ou longues, pas toujours concluantes, varie´es,
mais tre`s gourmandes en temps de travail: de´veloppement d’instrument, domaine de
recherche original et travail scientifique comple`tement inde´pendant, sans quitter toutefois
mes activite´s engage´es par ailleurs.
Dans ce cadre, j’ai e´te´ amene´ a` e´tudier plus en de´tail tous les facteurs importants pour
l’observation de sources lumineuses dans l’infrarouge thermique. Pour cela, j’ai de´veloppe´
un mode`le de transfert de rayonnement thermique dans les solides et dans les atmosphe`res
ce qui m’a permis de:
- Contribuer a` l’e´tude de l’inertie thermique a` la surface des plane`tes, principalement
Mercure, pour inversion des proprie´te´s thermiques du sol sous la couche du re´golithe [20];
- Etudier l’impact des Cirrus sur le rayonnement UV au niveau du sol et sur le budget
radiatif de l’atmosphe`re de la Terre [19];
- Etudier des proprie´te´s optiques et de la formation des particules qui contiennent de
l’eau sous forme liquide ou solide dans les atmosphe`res plane´taires [19].
Bien e´videmment, le point le plus important de cette section reste le de´veloppement
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Figure 3: Sche´ma de l’instrument Depir.
instrumental base´ sur une ide´e originale que je vais pre´senter maintenant et qui concerne
l’e´tude des exoplane`tes. J’ai ainsi propose´ et mis au point une me´thode de de´tection des
exoplane`tes par photome´trie diﬀe´rentielle infrarouge afin de de´terminer leur tempe´rature
de brillance.
Une exoplane`te ge´ante et synchrone montre alternativement, pendant son orbite autour
de son e´toile me`re, les parties de sa surface e´claire´es et a` l’ombre. Observe´e a` distance,
l’e´toile montrerait ainsi une signature variable de meˆme pe´riodicite´ mais d’amplitude bien
plus faible compare´e a` la luminosite´ de l’e´toile me`re (Figure 2), mais de´tectable graˆce aux
techniques diﬀe´rentielles maintenant utilise´es en ge´ophysique. A l’aide de nos simulations
nous avons e´value´ ces rapports qui peuvent descendre jusqu’a` 100 seulement dans certains
cas, des valeurs que l’on pourrait observer depuis le sol avec un instrument de´die´ [24].
J’ai de´veloppe´ un de´tecteur (bande N autour de 10 µm, quatre canaux) de´die´ a` cette
technique d’observation en collaboration avec nos colle`gues du Laboratoire de Me´te´orologie
Dynamique (LMD) a` Palaiseau (Figures 3 et 4). Nos colle`gues du LMD ont entie`rement
conc¸u et fabrique´ l’instrument DEPIR (De´tecteur d’exoplane`tes par photome´trie infrarouge)
avec les moyens du bord et de la re´cupe´ration, un temps de travail limite´ par d’autres
contraintes (une semaine/an seulement pour chacun des cinq membres de l’e´quipe: chef
d’e´quipe, conception me´canique, me´canique, e´lectronicien, banc de test corp noir) et un
budget tre`s re´duit puisqu’a` peine suﬃsant pour acheter le de´tecteur infrarouge du com-
merce (photoconducteur une cellule HgCdTe de chez Judson, en rouge sur la figure 4).
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Figure 4: L’instrument Depir au centre installe´ au foyer Newton du te´lescope de 120 cm de
l’OHP a` droite. Le de´tecteur Judson HgCdTe est en rouge, refroidit a` l’azote liquide. La
de´tection synchrone est le boitier a` gauche avec l’e´cran, alors que le module de commande
de la roue a` filtre est le boitier bleu a` droite. Le module de commande de l’obturateur
(1000 Hertz pour notre expe´rience), plus moderne, est le boitier sous le de´tecteur.
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Une premie`re se´rie d’observations a e´te´ obtenue sur le te´lescope de 120 cm de l’OHP en
janvier 2006 avec un instrument pre´liminaire. Nous avons obtenu de bons re´sultats sur la
Lune pour tester l’instrument, et des re´sultats moins satisfaisants sur les e´toiles brillantes
en IR mais avec des diﬃculte´s de pointage du te´lescope, en aveugle puisque la poursuite
e´tait de´faillante lors de notre mission. Nos observations ont montre´ une tre`s forte vari-
abilite´ de l’atmosphe`re terrestre a` l’OHP et les simulations pre´liminaires ont e´te´ publie´es
[24]. La deuxie`me se´rie d’observations est en cours de de´pouillement, activite´ ralentie par
manque de moyens. Il faut indiquer ici qu’un de´veloppement instrumental demande du
temps et des recherches techniques et de financement, un autre justificatif du manque de
publication dans les activite´s entre 2004 et 2008.
IV. La vapeur d’eau atmosphe´rique dans les spectres d’Elodie a` l’OHP
La vapeur d’eau atmosphe´rique joue un roˆle crucial car elle interagit avec le rayon-
nement infrarouge e´mis par la surface de la Terre. La quantite´ de vapeur d’eau atmo-
sphe´rique est suppose´e augmenter avec la tempe´rature (e´quation de Clausius-Clapeyron)
et donc amplifier le re´chauﬀement climatique duˆ a` l’e´mission de gaz a` eﬀet de serre en-
thropoge´niques. Une se´rie de mesures assez longue, supe´rieure a` dix ans, permet une
e´tude de tendances, et des mesures multiples et re´gulie`res dans le temps permettent une
e´tude comparative avec d’autres instruments et des e´tudes de budget [21].
Aujourd’hui, la vapeur d’eau atmosphe´rique est mesure´e avec diﬀe´rents instruments sur
diﬀe´rents sites (voir les listes sur le NDACC) et ce pre´sent travail n’est pas cense´ entrer
en compe´tition avec les nombreux instruments de´die´s, mais de revenir quelques anne´es
en arrie`re avec un jeu de donne´es homoge`ne et calibre´. La base de donne´es d’Elodie con-
tient 34 992 spectres dont plus de la moitie´ est accessible dans le cadre de l’Observatoire
Virtuel Astronomique. Le spectrome`tre Elodie ayant commence´ a` fonctionner en juillet
1994 sur le te´lescope de 193 cm de l’Observatoire de Haute-Provence et e´tant suivi en
2005 par Sophie sur le meˆme te´lescope, nous disposons ainsi d’un potentiel de 15 anne´es
de mesure de la colonne totale de la vapeur d’eau au dessus de l’OHP. Les spectres sont
mis en ligne a` la disposition des scientifiques re´gulie`rement, apre`s que les e´quipes scien-
tifiques qui ont observe´ ces objets aient livre´ leurs nouveaux spectres a` la base de donne´es.
La description de la me´thode de mesure et d’interpre´tation des donne´es est indique´e
dans [23]. Elle consiste a` aller chercher dans tous les spectres observe´s par Elodie, donc
des spectres tre`s varie´s allant de l’e´toile a` la galaxie, une signature spectrale d’absortion de
la vapeur d’eau et d’y appliquer la loi de Beer-Lambert. Nous avons eﬀectue´ une premie`re
e´valuation de la qualite´ de ces mesures, sous forme de leur utilisation afin de calibrer les
profils de vapeur d’eau mesure´s par lidar a` l’OHP [21]. Par rapport a` d’autres mesures
eﬀectue´es a` proximite´ a` moins de 200 km de distance (GPS, micro-ondes, sondes sous
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Figure 5: Moyennes mensuelles de la vapeur d’eau au dessus de l’OHP de 1994 a` 2004 qui
montre une tendance de −0.44± 0.72× 1022mole´cule× cm−2 par 10 ans.
ballon, etc...), les mesures co-localise´es et simultane´es sont plus adapte´es aux exercices
de comparaisons car la vapeur d’eau atmosphe´rique a des variabilite´s ge´ographiques et
temporelles importantes. Les re´sultats de cette e´tude sont pre´sente´s dans la figure 5 qui
montre les moyennes mensuelles de la colonne totale de la vapeur d’eau sur 10 ans et
la tendance obtenue, dans notre cas pas de tendance significative car proche du nul et
infe´rieure a` la barre d’erreur correspondante a` trois sigma.
Ce re´sultat est important car il faut pre´ciser que la probabilite´ d’avoir un saut in-
strumental due a` une re-calibration ou a` un changement partiel de l’instrument est ici
quasi nul graˆce a` la me´thode utilise´e, et a` l’inverse d’autres me´thodes plus connues de
mesure de la vapeur d’eau atmosphe´rique. Nous sommes donc en pre´sence d’une se´rie
temporelle homoge`ne et re´gulie`re puisque les interruptions dans la se´rie, dues au temps
couvert (nuageux ou pluvieux) ou a` l’arreˆt de l’instrument pour entretien ne de´passe pas
le mois.
L’exploitation des archives Elodie de l’OHP pour la mesure de la vapeur d’eau dans les
spectres existants se poursuit encore aujourd’hui graˆce au spectrome`tre Sophie qui a rem-
place´ Elodie en 1995 et qui fonctionne encore parfaitement et re´gulie`rement maintenant,
avec une plus grande re´solution spectrale encore qu’Elodie.
A noter e´galement que ces re´sultats sont en libre acce`s dans le cadre des Observatoires
Virtuels Astronomique et en Plane´tologie a` l’IPSL (Tellodie, Telluric Lines in Elodie
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Spectra, http://bdap.ipsl.fr/tellodie/, Sarkissian A., 2009). Cela me permet d’introduire
la section suivante, l’Observatoire Virtuel, qui m’a donne´ les bases pour de´velopper mes
outils, mais auquel je participe e´galement tre`s fortement dans la de´finition des standards
et dans l’exploitation de celui-ci, comme nous allons le voir maintenant.
V. L’Observatoire Virtuel en Plane´tologie
Je vais montrer ici comment j’ai e´te´ l’un des initiateurs, de`s 2004, dans le cadre de mes
activite´s de Service, de la mise en place de l’Observatoire Virtuel en Plane´tologie dans le
cadre de collaborations nationales et internationales. L’objectif e´tant ici de trouver un
moyen ou une me´thode pour exploiter pleinement les ressources existantes (et localise´es
sur diﬀe´rents sites et accessibles de manie`re non homoge`nes) et a` venir dans notre domaine
scientifique. Cet objectif ne peut eˆtre atteint que si, a` l’exemple de l’Observatoire Virtuel
Astronomique, nous proposons des protocoles et des mode`les d’architectures ou de types
de donne´es accepte´s par toute la communaute´. Le re´sultat attendu de tels eﬀorts sera
l’utilisation large de l’Observatoire Virtuel en Plane´tologie par notre communaute´ sous
forme de recherche d’e´ve`nements observe´s par diﬀe´rents syste`mes d’observation par ex-
emple, ou bien des recherches massives ne´cessitant des outils performants et ayant acce`s
a` de multiples sources. C’est ma contribution a` cet eﬀort que je vais pre´senter dans
cette section. Je vais e´galement montrer en fin de cette partie comment l’ Observatoire
virtuel a e´te´ utilise´ pour la recherche avec la description d’un exemple d’utilisation que
j’ai de´veloppe´.
Bien qu’e´tant une activite´ de service, la mise en place de l’ Observatoire Virtuel en
Plane´tologie contient une activite´ scientifique qu’il ne faut absolument pas ne´gliger sous
peine de voir se de´-engager les acteurs potentiels de cette activite´, pas tre`s porteuse en
terme de publication scientifique (d’o`u un manque de publication dans mes activite´s entre
2004 et 2008). Il n’est pas question ici de site web ou de service web pour la communaute´
(bien que je conside`re pour ma part qu’un service web soumis a` un comite´ d’e´valuation
ou de labellisation soit l’e´quivalent d’une publication a` rapporteurs), mais bien de la
de´finition des standards pour l’Observatoire Virtuel en Plane´tologie.
Dans ce sens, mes participations actives a`: l’IVOA (http://www.ivoa.net/), l’Internatio-
nal Virtual Observatory Alliance pour laquelle j’ai participe´ a` la de´finition du STC, le
”Space Time Coordinates” (les standards pour identifier la localisation et l’orientation
d’un objet dans l’espace et le temps) et les Workflows (des suites de taˆches dans l’Observatoi-
re Virtuel); a` VO-France (http://www.france-ov.org/) dont principalement VO-plane´to
dont je suis l’un des initiateurs et VO Gaﬀ (l’Observatoire Virtuel en Ge´ode´sie et As-
tronomie Fondamentale); a` VO-Paris (http://vo-web.obspm.fr/) comme membre du Con-
seil Scientifique; a` l’International Planetary Data Alliance (http://planetarydata.org/),
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l’IPDA comme Membre du Conseil Scientifique, assesseur du PDS4 (le nouveau format
VO du PDS, Planetary Data System de la Nasa, http://pds.nasa.gov/), le ”data model”
(les standards pour de´crire un mode`le de donne´es), le ”data dictionary model” (les stan-
dards pour le dictionnaire), le ”registry” (les standards pour les registres) ainsi qu’ au
”technical expert group” (groupe pour validation des documents de l’IPDA); et enfin a` Eu-
roplanet (http://www.europlanet-ri.eu/), projet europe´en dans lequel je porte le noeud
Atmosphe`res d’ IDIS (http://idis.ipsl.jussieu.fr/), le syste`me d’inte´gration et de distri-
bution des donne´es en plane´tologie (Integration and Distribution Information Service,
Europlanet FP6 puis Europlanet RI FP7) porteront a` court terme maintenant la mise en
place de l’ Observatoire Virtuel en Plane´tologie.
Notez que la terminologie que je viens d’utiliser est assez complexe a` de´crire et qu’elle
est souvent le´ge`rement diﬀe´rente d’une communaute´ a` l’autre et je demanderai donc au
lecteur de se rendre sur les pages web des organisations cite´es pour plus de de´tails. Je
vais de´crire ici seulement les e´le´ments les plus importants de mes contributions en ne
pre´sentant pas mes contributions dans les de´finitions des standards.
Tout d’abord, il faut pre´ciser que les de´veloppements re´cents et originaux en plane´tologie
proviennent de l’acce`s a` l’espace (expe´riences spatiales) et que la plane´tologie depuis
le sol reste tre`s proche de l’astronomie traditionnelle: imagerie, spectrome´trie. Avec
l’arrive´e des expe´riences embarque´es en plane´tologie, nous nous sommes rendu compte que
l’approche ”plate-forme instrumentale uniquement” pour mettre a` disposition des jeux de
donne´es n’e´tait pas le plus judicieux, et c’est pour cette raison que tre`s toˆt, le PDS puis le
PSA (Planetary Science Archives de l’ESA, http://www.rssd.esa.int/index.php?project=PSA)
ont se´pare´ leurs services (communaute´s) en plusieurs parties, notamment: Atmosphe`re,
petits corps, milieu inter-plane´taire, etc... Ainsi, l’approche imagerie-spectrome´trie n’e´tant
plus valable pour les mesures in-situ des ae´rosols atmosphe´riques de Titan par exemple, il
fallait ame´liorer nos syste`mes de mises a` disposition des donne´es et l’Observatoire Virtuel
est le cadre ide´al pour cette activite´ car une grosse partie du travail est chez eux de´ja` bien
avance´e. C’est ainsi qu’a e´te´ de´veloppe´ dans le cadre d’Europlanet, en plus de l’approche
the´matique dont nous avons parle´, une approche par cas scientifique pour IDIS, moi-meˆme
e´tant en charge de la partie Atmosphe`re d’IDIS (http://idis.ipsl.jussieu.fr/). L’ide´e est
de proposer un service qui donne acce`s a` beaucoup plus d’information qu’auparavant,
avec en plus, les laboratoires implique´s dans les cas scientifiques, les personnels et leurs
bibliographies, et les re´fe´rences des experts concerne´s. Cette approche, e´value´e par nos
colle`gues du PDS et du PSA dans le cadre de l’e´valuation du projet europe´en a e´te´ par-
ticulie`rement bien e´value´e puisque recommande´e aux autres syste`mes similaires.
C’est cette approche que j’ai e´tendue a` diﬀe´rents cas scientifiques par la suite, dans et
hors noeud Atmosphe`res d’IDIS tels que FONDUE (Fully On-line Data Center for Ultra-
violet Emissions, http://bdap.ipsl.fr/fondue/) ou le DFBS (Digitized First Byurakan Sur-
vey, http://bdap.ipsl.fr/dfbs/) que je ne vais pas de´crire ici, mais dont je suis l’initiateur
et le responsable dans le cadre de coope´rations internationales.
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Je vais par contre pre´senter les outils qui permettent d’utiliser l’Observatoire Virtuel,
qu’il soit Astronomique ou pour la Plane´tologie. Bien suˆr, ces outils ont besoin d’avoir
des bases de donne´es ouvertes et accessibles (”harvestable” en anglais). Je ne parle
pas ici d’un mot de passe pour acce´der a` cette base, mais d’une base accessible par
une machine exte´rieure avec qui elle peut discuter et e´changer des informations. Pour
cela, l’Observatoire Virtuel a de´fini les langages, formats et protocoles ne´cessaires et la
plane´tologie utilise (pour l’instant et probablement dans le futur e´galement) des standards
pour la plupart existants ou base´s sur des protocoles existants (par exemple PDAP, Plan-
etary Data Access Protocol). A ce niveau, les outils que je vais pre´senter maintenant ont
utilise´ les standards de l’IVOA, ceux de l’IPDA n’e´tant pas encore pleinement exploitables.
Partons d’un exemple courant de fouille d’archives et qui va nous faire utiliser plusieurs
outils de´veloppe´s (et donc la de´finition des standards) par l’Observatoire Virtuel: chercher
dans des banques d’images du ciel en astronomie des traces d’aste´ro¨ıdes. Dans les anne´es
1960, nous ne connaissions que quelques 100 000 aste´ro¨ıdes, alors qu’on en connait plus de
400 000 maintenant, et ce nombre ne cesse d’augmenter. L’importance de ces e´tudes sur
les aste´ro¨ıdes tient en deux mots: ge´ocroiseurs et syste`me solaire. La de´couverte re´cente
d’un nombre important de ces objets du syste`me solaire leur donne un roˆle de plus en
plus important dans la compre´hension de la formation du Soleil et de notre syste`me so-
laire. Leurs formation, classification, e´volution, composition, surface, forme, etc.. restent
des questions encore bien ouvertes aujourd’hui et c’est en cherchant leurs traces dans les
archives anciennes que l’on peut apporter des re´ponses a` certaines questions telles que
leur e´volution, leur composition, et aﬃner nos connaissances sur leurs orbites.
Le DFBS est la version digitalise´e du fameux First Byurakan Survey ou Markarian
survey, a` l’aide duquel Markarian a de´couvert les galaxies actives qui portent son nom
avec exce`s d’UV. Le DFBS couvre 17000◦2 du ciel de l’he´misphe`re nord en grande partie,
mais aussi de l’he´misphe`re sud. Ces images du ciel ont e´te´ obtenues sur un te´lescope de
type Schmidt (donc a` grand champ, 2◦ × 2◦ ) muni d’un prisme objectif de 1.5◦ d’angle
qui permet d’obtenir sur l’image les spectres des objets plutoˆt que les images des sources,
qu’elles soient ponctuelles ou diﬀuses. La figure 6 montre un morceau de la plaque 0125.
Les spectres sont les traine´es verticales et le rouge (700 nm) est en haut. Lorsqu’un
aste´ro¨ıde est pre´sent dans l’image, il se remarque par son de´placement par rapport aux
e´toiles du fond du ciel s’il a une vitesse propre importante. Il se confond aux e´toiles du
champ stellaire dans les autres cas et il faut donc comparer notre champ a` un catalogue
de sources, par exemple l’USNO (US Naval Observatory Catalogue), ou bien a` d’autres
images du ciel, par exemple le SkyView de la Nasa. La figure 6 montre un exemple
d’utilisation d’EXATODS et des outils de l’Observatoire Virtuel que j’ai utilise´s pour
cette e´tude.
La recherche d’aste´ro¨ıdes avec EXATODS consiste donc a` analyser les 1700 plaques
disponibles du DFBS pour y identifier les aste´ro¨ıdes connus, pour e´ventuellement y
de´tecter les aste´ro¨ıdes inconnus et pour analyser les spectres de ces aste´ro¨ıdes. La de-
scription de ce ”workflow ”, ou suite de taˆches faisant appel a` des bases de donne´es dy-
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Figure 6: Outils utilise´s pour la recherche d’aste´ro¨ıdes projete´s sur une partie de la plaque
0125 du DFBS. Les spectres des sources lumineuses s’e´tendent du haut (670 nm) vers le
bas (340 nm), avec un creux de sensibilite´ vers 530 nm. Les cercles en vert montrent
les e´toiles du champ dans le catalogue SkyView. L’aste´ro¨ıde Arethusa repe´re´ a` l’aide de
Skybot a laisse´ sa trace qui est diﬀe´rente de celles des e´toiles voisines par son de´placement.
namiques et e´ventuellement interactives est pre´sente´e en Annexe B. L’expression ”fouille
massive” prend ici tout son sens puisque chercher 400 000 objets dans 17000◦2 du ciel
rele`ve eﬀectivement d’une analyse massive et par conse´quent longue (un mois complet) et
de´licate puisque les interruptions du re´seau par exemple sont importantes a` ge´rer. Une
premie`re analyse a pu de´tecter plus de 200 aste´ro¨ıdes connus qu’il faut maintenant cat-
aloguer et analyser, cette e´tude est en cours. Etant donne´e la complexite´ de recherche,
sans l’Observatoire Virtuel il aurait fallu faire tout le travail manuellement, ce qui aurait
ne´cessite´ un temps conside´rable, et donc une e´tude non re´alisable rapidement.
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B. Projets
I. Introduction
Je compte poursuivre mes activite´s scientifiques dans les e´quipes IMPEC (Instrumen-
tation et Mode´lisations en Plane´tologie, Exobiologie et Come`tes) et SHTI (Stratosphere,
Haute Troposphere, Interfaces) au LATMOS et dans le cadre du Poˆle Syste`me Solaire de
l’IPSL. Mes activite´s restent oriente´es principalement vers:
- la compre´hension du roˆle de la vapeur d’eau dans les atmosphe`res de la Terre et des
autres plane`tes,
- l’e´tude de la place du carbone dans notre syste`me solaire et dans les autres syste`mes
stellaires, dans les aste´ro¨ıdes et des e´toiles carbone´es,
- la finalisation a` court terme de l’Observatoire Virtuel en Plane´tologie avec mes
colle`gues europe´ens et internationaux (Europlanet, IPDA, IVOA), qui sera suivi par son
exploitation, et
- la mise en place de l’Observatoire Virtuel pour les relations Soleil - Climat avec le
nouveau SOERE (Service d’Observation de l’INSU section OA) VO-SCAT (Observatoire
Virtuel Soleil-Climat-Atmosphe`re de la Terre) propose´ a` l’INSU en collaboration avec de
nombreux laboratoires franc¸ais et internationaux (http://bdap.ipsl.fr/VOSCAT/).
Les deux premiers the`mes sont exploratoires avec des re´sultats attendus tre`s de´pendants
de l’eﬀort qu’il faudra produire pour arriver a` nos fins, les deux derniers se profilent dans
des projets soutenus et donneront des re´sultats y compris en dehors de notre participa-
tion, ce qui est bien l’objectif et le fondement de l’Observatoire Virtuel: mettre en place
un service pour la communaute´.
II. La vapeur d’eau dans l’atmosphe`re de la Terre.
Dans le contexte actuel du changement climatique, le cycle de l’eau du bassin Me´diterrane´en
est au coeur des questions scientifiques, e´conomiques et environnementales pour toute une
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re´gion du globe incluant l’Europe du sud, l’Afrique du nord et le Moyen-Orient. Le projet
HyMeX (HYdrological cycle in the Mediterranean Experiment) en cours d’e´laboration a
pour objectifs d’ame´liorer la caracte´risation et la compre´hension du cycle de l’eau sur le
bassin Me´diterrane´en, en conside´rant les diﬀe´rents compartiments (oce´an, atmosphe`re,
surface et hydrosyste`mes continentaux, bioge´ochimie) et leurs couplages aux diﬀe´rentes
e´chelles de temps. Le bilan hydrologique du bassin versant est e´tudie´ a` la fois sous l’angle
des e´ve´nements intenses et de celui de la re´gionalisation climatique, incluant leurs impacts
sur les e´cosyste`mes marins et terrestres.
La re´gion me´diterrane´enne est amene´e a` eˆtre soumise a` un fort stress environnemen-
tal. L’ame´lioration des pre´visions climatiques, l’identification des zones a` risques, la mise
en place d’alertes plus pre´cises dans la gestion des risques, ou encore le de´veloppement
d’expertise et de syste`mes inte´gre´s de gestion de l’environnement dans les domaines de
l’ame´nagement du territoire et du de´veloppement durable, font partie des enjeux scien-
tifiques importants pour cette re´gion.
Progresser dans la compre´hension du cycle de l’eau en Me´diterrane´e est par conse´quent
essentiel pour re´pondre a` ces attentes. Dans ce cadre, nos recherches en cours sur le bassin
hydrologique autour de la Syrie avec Sulaf Alkasm, e´tudiante en the`se a` l’UVSQ sous
ma direction avec une bourse du gouvernement syrien montrent une variation saisonnie`re
proche des pre´dictions des mode`les pour cette re´gion. La possibilite´ d’extraire les observa-
tions satellitales pour cette re´gion permet une e´tude de´taille´e qui n’aurait pas e´te´ possible
depuis la Syrie car ce pays ne de´veloppe pas d’instrument pour ce type de recherche. Les
archives GOME et SCHIAMACHI sont ainsi exploite´es massivement pour l’extraction
re´gionale et spectrale de l’information.
Mon programme de recherche consistera a` poursuivre l’e´tude des proprie´te´s optiques
et de la formation des particules contenant de l’eau sous forme gazeuse, liquide ou solide
dans les atmosphe`res des plane`tes du syste`me solaire (y compris notre Terre). Ce pro-
gramme commence´ par l’e´tude de la vapeur d’eau atmosphe´rique terrestre a` partir de la
banque de donne´es Elodie de l’OHP sera e´tendu aux plane`tes du syste`me solaire et aux
exoplane`tes dans l’infrarouge thermique et dans le visible. Cest un projet fe´de´rateur As-
tronomie - Ge´ophysique qui indique bien mon appartenance aux deux domaines. J’ai de´ja`
mis en e´vidence la variabilite´ annuelle de la vapeur d’eau atmosphe´rique et il reste dans
les donne´es le potentiel pour aﬃner la mesure de H2O et en extraire ainsi la tempe´rature
de l’atmosphe`re basse (1000 m a` 3000 m) avec le de´calage spectral des raies d’absorption
du a` l’eﬀet de la re´fraction.
Nous allons e´galement e´tendre l’exploitation de ces spectres a` la recherche du HDO,
NO3 et du NO2 de nuit, permettant ainsi l’acce`s aux isotopes de l’hydroge`ne et aux com-
pose´s azote´s de l’atmosphe`re. Ce travail me permettra e´galement de de´velopper l’outil
EXATODS (voir l’Annexe B) oriente´ vers la fouille massive d’archives spectroscopiques,
ici les bases de donne´es Elodie puis Sophie de l’OHP.
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Figure 7: Recherche du HDO dans les spectres de SOPHIE autour de 592 nm (e´chelles
du bas, la longueur d’onde, e´chelles de gauche et de droite, e´paisseurs optique). Figure
de gauche, soustraction de la vapeur d’eau, en rouge le spectre initial, en vert e´chelle de
droite, la section eﬃcace de H2O, en bleu, le spectre corrige´ de la vapeur d’eau. Figure
de droite, le re´sidu en rouge est compare´ a` la section eﬃcace de HDO en diﬀe´rentiel. La
corre´lation est trop faible pour indiquer la pre´sence d’HDO, de toute fac¸on d’une quantite´
20 fois supe´rieure ici a` ce qu’on devrait the´oriquement voir.
La recherche du HDO dans les spectres d’Elodie et de Sophie a des implications im-
portantes car le rapport H2O/HDO donne des informations pour e´tudier le cycle de l’eau
car les proprie´te´s physiques de ces deux mole´cules sont diﬀe´rentes (e´vaporation, sublima-
tion, condensation, etc...). Ce rapport, de´ja` mesure´ par des instruments depuis l’espace
a` faible re´solution spatiale, doit eˆtre confirme´ par des observations depuis le sol dans des
conditions multiples (couverture nuageuse, tempe´rature de l’atmosphe`re, etc...).
De plus, la possibilite´ d’avoir des se´ries temporelles longues et passe´es permettrait
d’e´tudier l’e´volution de ce rapport dans le temps, en liaison avec les eﬀets climatiques
re´cents dus au re´chauﬀement climatique. La figure 7 montre une premie`re tentative de
mesure du HDO atmosphe´rique dans le visible depuis le sol avec Sophie sur le te´lescope
de 193 cm l’OHP. Les interfe´rences avec la vapeur d’eau (figure de gauche) complique la
de´tection du HDO mais la me´thode reste exploitable et ne´cessiterait plus d’investissement
en temps ou un soutien supple´mentaire. La me´thode de mesure, base´e sur une combi-
naison de mesure optique diﬀe´rentielle et de mesure absolue est originale et pas encore
valide´e. Dans la figure de droite, la mesure en bleu devrait eˆtre corre´le´e avec la section
eﬃcace du HDO en rouge, ce qui n’est pas le cas et des eﬀorts sont encore ne´cessaire
pour rendre la mesure re´alisable. Il faut cependant ajouter qu’une fois la me´thode mise
au point, l’exploitation des donne´es en utilisant les outils de l’Observatoire Virtuel per-
mettra une analyse massive des se´ries de spectres a` haute re´solution disponibles dans la
communaute´, ce qui donne a` cette e´tude des perspectives inte´ressantes pour le futur.
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III. Le carbone dans les aste´ro¨ıdes et dans les e´toiles carbone´es.
La pre´sence de carbone dans des objets tels que les aste´ro¨ıdes indique une composition
chimique proche de celle du Soleil, excepte´ pour l’hydroge`ne, l’he´lium et d’autres gaz
volatils. Ce type d’aste´ro¨ıde repre´sente environ les trois quarts de la population totale et
ils sont suppose´s eˆtre des objets primitifs forme´s lors de la formation du Syste`me Solaire.
Si on veut comprendre les diﬀe´rents stades de l’e´volution de notre Syste`me Solaire, il
faut e´tudier tous les objets repre´sentatifs des e´tapes successives de cette e´volution, et ces
aste´ro¨ıdes en sont une partie non ne´gligeable puisque pre´sents dans plusieurs parties du
Syste`me Solaire, du plus proche au plus lointain. Si, de plus nous avons des informations
espace´es dans le temps, nous avons acce`s a` des informations sur leur variabilite´ qui peut
avoir des sources et des apparences diﬀe´rentes, rotation et variabilite´ cyclique, e´rosion
dynamique et modification irre´versible, etc...
Nous avons vu dans le chapitre pre´ce´dent que la fouille massive d’archives spectro-
scopiques est un processus long car les traitements d’images ne´cessitent des machines
puissantes et du temps d’exploitation non ne´gligeable (un mois pour chercher les aste´ro¨ıdes
dans tout le DFBS). Pour poursuivre l’e´tude des proprie´te´s spectrales des aste´ro¨ıdes du
DFBS, mon programme EXATOD a e´te´ e´tendu pour permettre l’extraction et l’analyse
des spectres dans un premier temps, et pour permettre la calibration spectrale (longueur
d’onde et photome´trique) dans un deuxie`me temps. A noter que EXATODS permet de
mettre en e´vidence a` faible re´solution les bandes d’absorption du carbone ou du silicate
dans ces spectres ce qui repre´sente un apport conside´rable par rapport aux me´thodes
photome´triques utilise´es jusqu’a` pre´sent pour les e´tudes massives. Ici, le re´sultat final
(mise en e´vidence de la classification spectrale et recherche de variabilite´ e´ventuelle) n’est
pas encore obtenu et l’eﬀort a` apporter reste raisonnable pour un apport scientifique im-
portant puisque concernant des objets qui peuvent eˆtre des ge´ocroiseurs ou qui ont des
proprie´te´s spectrales pas toujours bien exploite´es. De plus, l’option de de´tection de nou-
veaux objets (ou anciens et disparus) n’a pas e´te´ encore exploite´e a` ce stade et c’est une
direction que je compte e´tudier plus en de´tail.
La pre´sence de carbone dans des objets tels que les e´toiles froides carbone´es indique
soit une e´toile en fin de´volution, soit une e´toile ayant connu un e´ve`nement cataclis-
mique. Ce type d’e´toile est rare et tre`s mal connu. Pour comprendre les diﬀe´rents
stades de l’e´volution stellaire, l’e´tude d’objets qui sortent du parcours majoritaire permet
d’identifier les sources d’inhomoge´ne´ite´ dans ces formations.
L’exploitation d’EXATODS pour l’extraction des e´toiles froides carbone´es (leurs pro-
prie´te´s spectrales sont identifiables avec un faible taux d’e´chec) m’a permis d’ame´liorer
EXATODS et il est pre´vu d’ame´liorer encore plus cet outil en y ajoutant des fonction-
alite´es, voir l’Annexe B. L’importance de de´couvrir des e´toiles de type carbone´es est ici
primordiale car nous ne connaissons que tre`s peu d’exemples de ce type, et tant leur
e´tude statistique que leurs e´tudes physique et dynamique (cause de variabilite´ lumineuse,
re´partition dans la galaxie, etc...) est une information riche en conse´quences sur les for-
34
mations des galaxies, les formations et les e´volutions stellaires. Mon investissement sur
ce the`me, bien que re´duit a` la fourniture de l’outil de de´couverte pourrait ainsi apporter
des re´sultats importants.
IV. L’Observatoire Virtuel en Plane´tologie.
Je vais montrer ici comment je vais poursuivre mes activite´s dans le cadre de ma par-
ticipation a` la mise en place de l’Observatoire Virtuel en Plane´tologie.
La mise en place de l’Observatoire Virtuel en Plane´tologie n’est pas a` ce jour con-
side´re´e comme une activite´ scientifique dans notre communaute´, alors que les astronomes
et les astrophysiciens l’ont fait depuis quelques anne´es de´ja` lorsqu’ils ont fonde´ en 2001
l’Observatoire Virtuel Astronomique. Mon objectif sera ici de poursuivre le de´veloppement
de cette activite´ dans notre communaute´ et de montrer qu’il est primordial de le mettre
en place pour une exploitation optimale de nos donne´es existantes avant que celles-ci ne
disparaissent, et pour la pre´paration de nos futures bases.
Je compte poursuivre cette activite´ a` travers trois champs d’application que je vais
de´crire ici.
Le premier consiste a` participer a` la re´daction des standards et protocoles que nous
allons exploiter par la suite. Cette e´tape, longue et de´licate car ce sont des activite´es
aﬀecte´s a` des groupes de travail plutoˆt qu’a` des individus, car la plupart des domaines de
la plane´tologie doivent eˆtre repre´sente´s. Un exemple concret, je suis membre du groupe
de travail technique de l’IPDA qui e´value les protocoles propose´s par des groupes (dont je
fais aussi e´ventuellement partie) et nous mettons en place la distribution et la proce´dure
d’e´valuation de ces nouveaux protocoles (ou d’une version plus re´cente). J’ai e´galement
valide´ (donc teste´ par des applications concre`tes) par exemple le PDS4 qui contient les
bases du mode`le de donne´es pour la plane´tologie et qui est simultane´ment teste´ e´galement
par des e´quipes japonaises et indiennes. Le re´sultat attendu d’une telle activite´ consis-
tera a` fournir a` la communaute´ les documents qui lui permettront de faire partie de
l’Observatoire Virtuel.
Le second champ d’application est d’ordre organisationnel puisqu’il m’a e´te´ propose´
par le pre´sident actuel de devenir en 2011 le vice pre´sident (vice-chair) de l’IPDA (qui
je le rappelle repre´sente toutes les agences spatiales des pays implique´s dans la recherche
spatiale) pour devenir en 2013 le pre´sident (chairman) comme pour les pre´ce´dentes nom-
inations. Cette mission, que j’ai accepte´e (valide´e par le CNES, le CNAP et l’INSU), est
une mission a` l’e´chelle internationale et consolidera la place de la France dans cette ac-
tivite´. Les objectifs a` atteindre seront d’e´largir la participation d’un plus grand nombre de
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pays, notamment les ex-pays de l’est encore peu implique´s et les pays d’Europe du Nord,
d’encourager les initiatives de de´veloppement de nouveaux outils ou d’adaptation d’outils
existants, et de finaliser les deux actions prioritaires que sont la de´finition des protocoles
pour les mode`les de donne´e et du dictionnaire, en supposant que le protocole d’acce`s et
le registre seront finalise´s avant 2013 et que l’Observatoire Virtuel en Plane´tologie pourra
commencer a` fonctionner de`s 2011.
Le troisie`me champ d’application est l’utilisation des protocoles et standards que je
viens de de´crire puisqu’il concerne les outils que je compte de´velopper dans ce cadre.
Il existe plusieurs type d’outils que la plane´tologie peut e´largir en partant du VO as-
tronomique: les outils de recherche, de visualisation et d’analyse de donne´es tels que
Simbad, Vizier et Aladin (au Centre de Donne´es de Strasbourg), mais e´galement les out-
ils multidisciplinaires que la plane´tologie doit produire elle meˆme, en s’inspirant bien
entendu des ”Workflow” tels que celui de´crit dans ce manuscrit, Tellodie. Le type d’outil
auquel je pense devrait permettre de corre´ler des phe´nome`nes observe´s dans l’atmosphe`re
de Mars par exemple, avec le vent solaire. dans cet exemple, l’approche multidisciplinaire
est essentielle mais inexistante a` l’heure actuelle, sauf au cas par cas, d’un e´ve`nement ma-
jeur connu et observe´ par plusieurs communaute´s simultane´ment. Or, dans les archives
existantes en plane´tologie de nombreux cas peuvent eˆtre de´tecte´s et l’Observatoire Virtuel
doit eˆtre le support de telles e´tudes.
Les re´sultats attendus sont bien suˆr scientifiques et exploratoire, de´pendant surtout de
la communaute´ qui de´sire s’impliquer. L’exemple de l’Observatoire Virtuel Astronomique,
avec quelques dizaines de publications sur la de´couverte dans les archives de galaxies parti-
culie`res ou de radio e´missions corre´le´es avec des sources optiques sont maintenant donne´es
re´gulie`rement comme re´fe´rences a` l’inte´reˆt de l’Observatoire Virtuel.
Il devient donc urgent de proposer des solutions identiques dans les domaines voisins
a` la plane´tologie, ce que je vais proposer dans la partie qui suit.
V. L’Observatoire Virtuel pour les relations Soleil-Terre.
Je vais montrer ici comment je vais poursuivre mes activite´s de Service dans le cadre
de la mise en place de l’Observatoire Virtuel VO-SCAT en montant des collaborations
nationales et internationales reconnues.
Je suis en train d’utiliser mes connaissances dans le domaine de l’Observatoire Virtuel
pour de´velopper l’Observatoire Virtuel des Relations Soleil-Climat-Atmosphe`re de la Terre
pour re´pondre a` une demande nationale et internationale de coordination de nos eﬀorts.
Ce travail a de´ja` commence´ graˆce au projet VOSCAT dont je suis l’un des initiateurs
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avec mes colle`gues (http://bdap.ipsl.fr/VOSCAT) et qui regroupe maintenant plus d’une
vingtaine de collaborateurs en France et dans le Monde. L’objectif est de mettre a` dis-
position des chercheurs au moins, et e´ventuellement a` un plus large public les donne´es
observationnelles et les sorties de mode`les climatiques pour permettre une meilleure in-
terpre´tation des phe´nome`nes que nous observons actuellement, ou qui ont e´te´ observe´s
par le passe´. L’investissement ici en temps et en moyens demande bien suˆr des eﬀorts de
la part de la communaute´.
Au moment ou l’ensemble de la plane`te s’interroge sur les conse´quences de l’augmentation
des gaz a` eﬀet de serre sur le climat, il devient de plus en plus ne´cessaire de distinguer
les modifications d’origine anthropique de la variabilite´ naturelle de l’atmosphe`re et de
l’oce´an. La qualite´ des pre´visions de l’e´volution future du climat en de´pend. Parmi les
causes naturelles qui peuvent avoir un eﬀet sur le climat, la variabilite´ solaire est proba-
blement une des plus importantes.
L’influence du soleil sur l’atmosphe`re et le climat peut se manifester de diﬀe´rentes
manie`res:
- La variation de l’irradiance solaire totale (constante solaire) modifie la quantite´
d’e´nergie absorbe´e par l’atmosphe`re et la surface terrestres et peut influencer la tempe´rature
moyenne au sol. La variation de la constante solaire est limite´e a` 0.1% sur un cycle solaire
de 11 ans et donc l’eﬀet attendu sur le climat est probablement faible. Il existe par contre
de grosses incertitudes sur la variation de la constante solaire sur de plus grandes pe´riodes
et sur la plus grande variabilite´ des maxima.
- La variabilite´ du flux solaire au cours d’un cycle de 11 ans se manifeste principale-
ment dans le domaine ultraviolet (UV) du spectre et principalement aux longueurs d’ondes
infe´rieures a` 250 nm ou` elle peut de´passer 3%, et de 20% a` 50% dans l’UV lointain. Cette
partie du spectre n’atteint pas la surface parce qu’elle est comple`tement absorbe´e par
l’ozone ou l’oxyge`ne stratosphe´riques. Le rayonnement solaire UV joue par contre un roˆle
important dans la stratosphe`re ou` il modifie les champs de tempe´rature, de pression et
de vent et donc les conditions de propagation des ondes atmosphe´riques qui couplent les
basses et les hautes couches de l’atmosphe`re.
- Les pre´cipitations de particules solaires dans les re´gions polaires modifient la com-
position chimique de la stratosphe`re en produisant entre autres des oxydes d’azote qui
de´truisent partiellement la couche d’ozone et donc modifient son bilan radiatif.
- Les rayons cosmiques galactiques ionisent l’atmosphe`re et jouent ainsi un roˆle dans le
circuit e´lectrique global. Ils peuvent favoriser la formation de noyaux de condensation et
donc influer sur la formation et la dure´e de vie des nuages. Le flux de rayons cosmiques
est module´ par le vent solaire qui varie avec l’activite´ solaire de 11 ans.
- L’activite´ ge´omagne´tique, tre`s lie´e a` l’activite´ solaire, module le flux de particules
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e´nerge´tiques entrant dans la haute atmosphe`re. L’interaction avec la plus basse atmo-
sphe`re pourrait passer par diﬀe´rents processus faisant intervenir le rayonnement UV, la
chimie atmosphe´rique et le circuit e´lectrique atmosphe´rique.
Les me´canismes susceptibles d’intervenir dans les relations Soleil-climat sont donc com-
plexes et pour avancer dans leur compre´hension il est ne´cessaire d’une part de bien docu-
menter les parame`tres caracte´risant l’activite´ solaire, d’en comprendre l’origine, et d’autre
part de repre´senter correctement ces me´canismes dans les mode`les de climat.
Le VO-SCAT a pour objectif scientifique l’e´tude des relations Soleil-chimie atmo-
sphe´rique-climat. Pour cela il donnera acce`s a` l’ensemble des indices solaires et ge´omagne´ti-
ques permettant de caracte´riser l’influence de la variabilite´ solaire et ge´omagne´tique sur
l’atmosphe`re et le climat. Cet acce`s peut se faire suivant les cas graˆce a` une base de
donne´es locale ou par des liens vers les centres d’archivage existants sur le principe
d’interope´rabilite´ des bases dans le cadre de l’Observatoire Virtuel. Il ne s’agit pas de
remplacer ni de dupliquer les bases de donne´es existantes mais de les exploiter et de
les comple´ter avec des donne´es pertinentes pour les objectifs du VO-SCAT . La mise en
place d’une telle base de donne´e the´matiques (fonde´es sur des questions ou cas scien-
tifiques) viennent ainsi comple´ter et valoriser les bases de donne´es classiques organise´es
par expe´rience, au sol ou spatiales. Les donne´es accessibles a` travers ce service servent
a` alimenter les e´tudes sur les relations Soleil-atmosphe`re-climat a` partir d’observations
atmosphe´riques a` partir du sol, en particulier celles du Service dObservation NDACC,
a` partir d’observation et d’inte´gration des contraintes pale´oclimatiques en Ame´rique la-
tine, dans l’Atlantique Nord et en Europe, de l’e´chelle mille´naire jusqu’aux re´solutions
annuelle a` pluri-annuelle, et depuis l’espace, des mode`les de chimie-climat comme par
exemple LMDZ-Reprobus.
VI. Conclusion
Ces e´tudes inte`grent l’interope´rabilite´ des bases de donne´es, tant pour la plane´tologie
que la ge´ophysique, une spe´cificite´ dans laquelle je me suis engage´ depuis 2002 et pour
laquelle je conside`re avoir œuvre´ avec l’organisation de re´unions VO-plane´to au niveau
europe´en, mes participations a` l’IVOA, l’IPDA et a` VO-France, mon engagement dans
VO-Paris data Center et mes responsabilite´s dans Europlanet FP7. L’approche que nous
avons de´veloppe´e dans le cadre d’IDIS FP6 et que nous appliquons maintenant dans
d’autres e´tudes telles que FONDUE et le DFBS est originale puisqu’elle regroupe les
donne´es non pas par instrument ou par site, mais par proble`me scientifique a` e´tudier a`
l’aide des outils interope´rables que nous mettons a` disposition. Je suis convaincu qu’une
telle approche peut- eˆtre tre`s fructueuse, tant pour l’e´tudiant qui cherche a` comprendre
le mode de construction d’une e´tude scientifique que pour le scientifique qui veut avoir
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facilement a` sa disposition les e´le´ments et les outils pour eﬀectuer sa recherche sur un sujet.
Mais bien suˆr, ce n’est pas l’outil qui fait le travail scientifique tout seul, mais bien le
chercheur. Les the`mes que j’ai choisis jusqu’a` pre´sent et pour la suite de mes activite´s
refle`tent bien mon inte´reˆt vers les sciences de l’environnement, e´tendues a` la plane´tologie
et a` la recherche de territoires ou espaces inconnus. Et comme je conside`re que c’est
en connaissant le passe´ que l’on pourra bien pre´parer ou pre´voir l’avenir (c’est aussi a`
cela que servent les mode`les), mon inte´reˆt vers la fouille d’archive est justifie´ par le fait
qu’il existe beaucoup d’informations dans nos donne´es et que nous devons les exploiter
au maximum. De plus, la recherche de tendances dans des signatures atmosphe´riques
justifie autant de nouvelles surveillances que l’exploitation d’anciennes observations, ce
que je m’eﬀorce de faire.
C’est dans cette optique que je suis co-responsable depuis son existence en Septembre
2010 du master 2 international ”Arctic Studies” a` l’Universite´ Versaille - Saint-Quentin-
en-Yvelines qui a accueilli 25 e´tudiants pour sa premie`re anne´e, dont une quinzaine
d’e´trangers. Cette responsabilite´, vue comme un challenge au de´part et que j’ai re´ussi a`
finaliser montre bien ma de´termination a` aboutir, meˆme dans les cas les plus ale´atoires.
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VII. Annexe A: TELLODIE
Tellodie est un outil ou un service web qui permet l’analyse massive de grandes bases
de donne´es spectroscopiques telles que les Archives Elodie de l’OHP. Bien qu’utilisant
en grande partie des e´le´ments de´veloppe´s dans le cadre de l’Observatoire virtuel As-
tronomique l’association de ces briques, comple´te´ par des e´le´ments propres a` Tellodie.
Appele´ workflow en language de l’Observatoire Virtuel Astronomique, un tel outil met en
se´rie des briques individuelles existantes localement ou accessibles en ligne et en temps
re´el via le re´seau. Un sche´ma de Tellodie est pre´sente´ dans la figure 8. En plus des
briques locales, Tellodie fait appel a` des briques exte´rieures telles que Aladin. Il apparait
e´galement que l’ajout de nouvelles briques ou la modification d’une brique existante est
simplifie´ et ne modifie en rien la suite des taches de Tellodie.
Le programme local (colonne centrale), en fonction des parame`tres demande´s en local
(colonne de gauche) va chercher en local (colonne de gauche) ou a` l’exte´rieur (colonne
de droite) les informations dont il a besoin pour re´pondre aux requeˆtes. Compose´ de
plusieurs e´le´ments que j’ai moi-meˆme de´veloppe´s ou que j’ai trouve´s dans l’Observatoire
Virtuel Astronomique, Tellodie s’adapte aux autres bases de donne´es du meˆme genre (So-
phie, Harps, etc...). La page web d’accueil de ce service est pre´sente´ en figure 9. Il faut
remarquer que les recommandations de l’Observatoire Virtuel Astronomique sont suivies
puisque les re´sultats de Tellodie peuvent eˆtre ”moissonne´s” a` la main ou par une machine
par des requeˆtes de type php telles que celle indique´e ci dessous:
”http://bdap.ipsl.fr/tellodie/results.php?function=results&output=votable
&startDate=yyyymmdd&endDate=yyyymmdd”
Le nombre de parame`tres, ici re´duit au minimum pour simplicite´ peut eˆtre e´tendu a`
une dizaine environ, avec des crite`res de minima, de conditions sur l’erreur ou de condi-
tions plus techniques comme la tempe´rature de l’instrument par exemple.
Tellodie se met a` jour re´gulie`rement en fonction i) de la disponibilite´ de nouveaux
spectres sur Elodie et ii) de la mise a` jour des sections eﬃcaces de la vapeur d’eau dans
le visible par requeˆte automatique sur les bases de donne´es correspondantes. Ainsi, une
machine qui de manie`re automatique envoie des requeˆtes a` Tellodie aura le jeu de donne´es
le plus re´cent, c’est la particularite´ de ce que peut faire l’Observatoire Virtuel.
Le travail sur Tellodie n’est pas encore termine´ car de nombreuses sources de donne´es
s’ouvrent re´gulie`rement chaque jour dans l’Observatoire Virtuel et sont donc des sources
potentielles e´galement pour Tellodie: c’est le principe de base de l’Observatoire Virtuel.
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The Tellodie Workflow
Telluric Lines in the Elodie Spectra
Menu
Interoperability
Tools
Spectral Analysis
Outputs
Web Service
Tellodie
Web Services
1- The Elodie Archive
2- H2O line list
3- Spectral model of stars
4- Atomic and molecular databases
Can be queried on line
1- H2O total column
2- Daily, weekly and Monthly means of 
     H2O total columns
3- Residual spectra
queries
Local Software External (Interoperable)
For individual spectra
1- Building H2O cross section
2- Cyclic procedure on NH2O, 
    HWHM and Shift
1- NH2O, HWHM and Shift
2- Best standard deviation of residuals
3- Spectra without H
2
O
1- Parameters for analysis
2- Parameters for external queries
3- Parameters for outputs
Figure 8: Diagramme du workflow pour la mesure de la vapeur d’eau atmosphe´rique dans
les spectres d’Elodie. Les options en italique ne sont pas utilise´es pour ce workflow mais
pourraient l’eˆtre dans d’autres cas d’utilisation.
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Brief
Water vapor total column measurements at Observatoire de Haute Provence (5° 42' E , +43° 55' N,
http://www.obs-hp.fr), south of France, were obtained using observations of astronomical objects made
between July 1994 and June 2005 on the 193-cm telescope with Elodie high-resolution spectrometer
(http://atlas.obs-hp.fr/elodie/). Spectra of stars, nebulae, and other astronomical objects were taken on a
daily basis for 10 years by astronomers. More than 20 000 spectra are today available on-line for intensive
use of the Elodie archive. Water vapour absorption lines in the visible part of the spectra are often a problem
for astronomers as they mask it for analysis of the other parts of the spectra.
TELLODIE is a web service developed in the frame of the Virtual Observatory. TELLODIE is :
1- A time serie of telluric line intensities and broadenings (presently, water vapour absorption lines at
592 nm, to be expended in near future) measured on Elodie spectra, that can be explore on individual
spectra basis;
2- A time serie of water vapor total column amounts over OHP station measured from previous time
serie, to be explored on individual spectra, temporal averages (daily, weekly, monthly, and seasonal)
basis;
3- An online workflow for extension or modification of the input parameters of the spectral analysis (to
be added soon)
TELLODIE is regularly updated and provides VOtable and .txt as output formats.
 
Results
Results are also available for automatic requests. Type:
http://bdap.ipsl.fr/tellodie/results.php?function=results&output=["html" or "votable" or "text" ]&startDate=
[yyyymmdd]&endDate=[yyyymmdd]&sdevtol=&h2o=
 
 
Raw Results Annual Averages Monthly Averages Daily Averages
html  VOTable  text
output
records beginning: yyyymmdd  and ending:
yyyymmdd
result filters
Standard Deviation Tolerance:  H2O:
optional criteria
OK
Figure 9: Page web du Service Tellodie.
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VIII Annexe B: EXATODS
Exatods est un outil ou un service web qui permet l’analyse massive de grandes bases
d’images astronomiques telles que le DFBS de l’Observatoire de Byurakan, les plaques dig-
italise´es du SkyView de la NASA ou celles de l’ESO. Bien qu’utilisant en grande partie des
e´le´ments de´veloppe´s dans le cadre de l’Observatoire Virtuel Astronomique l’association
de ces briques est comple´te´e par des e´le´ments propres a` Exatods, notamment une brique
d’analyse spectrale, une brique d’identification photome´trique ou spectrale de l’indice de
couleur des sources (e´toiles, galaxies, ne´buleuses, aste´ro¨ıdes, etc...).
En fait, le principe d’EXATODS est assez simple: il faut lui donner en entre´e un
catatogue d’objets particuliers, par exemple un catalogue d’e´toiles carbone´es ainsi qu’un
catalogue de cliche´s astronomiques dans lequel on de´sire eﬀectuer la recherche, par exem-
ple le Sky View de la NASA. L’outil EXATODS permettra en plus de fournir l’extraction
des images Sky View dans lesquelles apparaissent les e´toiles recherche´es, mais e´galement
d’eﬀectuer des analyses types photome´trie, astrome´trie etc... dans ces images. Des outils
de ”recherche de formes” pour des objets diﬀus et de recherche d’information spectro-
scopique via l’OV sont en cours d’imple´mentation.
Les utilisations d’EXATODS sont aujourd’hui principalement oriente´s vers la recherche
d’aste´ro¨ıdes et d’e´toiles carbone´es avec des re´sultats assez impressionnants puisqu’une
vingtaine de nouvelles e´toiles carbone´es ont e´te´ de´couvertes et quelques 230 aste´ro¨ıdes
connus ont e´te´ retrouve´s dans des cliche´s obtenus dans les anne´es soixante. La figure 10
montre comment EXATODS est utilise´ pour chercher des e´toiles carbone´es dans le DFBS
[22,25]).
A noter e´galement qu’EXATODS est la base, sous la forme pre´sente´e ci-dessus, d’un
nouveau TD original mis en place pour l’Observatoire Virtuel pre´sente´ a` l’ International
School for Young Astronomer (ISYA) en 2010.
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Aladin + DFBS + usno + Plastic = VO Workflow
Extremely Red Object FBS 2213+421
Figure 10: EXATODS permet d’identifier des e´toiles carbone´es dans le DFBS graˆce a` ce
workflow ou suite d’outils du VO dont il est compose´.
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Abstract-Calculations of air-mass factors (AMFs) for ground-based zenith-sky UV-visible 
spectrometers are presented and discussed. Causes and size of errors in AMFs of ozone in the 
visible are evaluated. Errors can be caused by approximations in the calculation (intensity- 
weight approximation, ignoring the finite field of view of the instrument); by approximation 
in the scheme of the calculation (single scattering, ignoring refraction); or by variable 
geophysical parameters (vertical profile of constituents). These relative errors in AMF cause 
identical relative errors in vertical columns of ozone deduced from measurements by zenith-sky 
spectrometers. The mean of the relative errors of ozone AMFs due to using one set of AMFs 
for all seasons and locations is + 2.4% when averaged over the commonly used range of solar 
zenith angles. 
I. INTRODUCTION 
Zenith-sky UV-visible ground-based spectrometers have been used to measure stratospheric 
constituents important in ozone depletion since 1973 (e.g., Noxon et al’) and more recently by 
SAOZ instruments (Systkme d’Analyse par Observations Zknithales: Pommereau and Goutail’. 
From these instruments, the number of molecules in a vertical column per unit cross-sectional area 
(Y,,,) of an absorber Y is deduced by dividing the number of molecules per unit cross-sectional 
are in the line-of-sight of the observation (Y,,,,) by an air-mass factor (AMF) calculated by a 
radiative transfer model. Hence by definition 
Y,,, is measured by fitting laboratory cross-sections to the observed optical depth. Optical depth 
is determined from the ratio of the measured spectrum to a reference spectrum. Hence the measured 
amount (Y,,,,,) is the difference between amounts in the line-of-sight and in the reference spectrum 
(Yre,): 
Yin,, = Y,,, - Y,er 
and vertical amount is deduced from the measurement by: 
y = ymes + yrc, 
“tx A, F, (2) 
Errors can be calculated using the standard formula for independent errors (e.g. Topping3): 
tTo whom all correspondence should be addressed 
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Evaluating the differentials gives 
SY,,,,, depends on the details of the instrument (resolution, sampling, aperture, sensitivity), on the 
illumination of the sky, and of the spectral fitting scheme (wavelength interval, interpolation error, 
accuracy of wavelengths, accuracy of laboratory cross-sections). The first term on right-hand side 
of Eq. (3) is minimised approaching twilight, where it is approximately (4 DU)* (Dobson Unit) for 
SAOZ (Sarkissian4). The second term of the right-hand side of the equation depends on 6 YEr, which 
is constant, so that it is also minimised after twilight where AMF, is maximum. For SAOZ, the 
second term is approximately (0.2DU)2 at twilight (Jones et al’). Note that Y,, is commonly 
calculated from Langley-Bouger plots so that systematic and pseudo-random errors in Y,, depend 
on the errors in AMF,, pseudo-random errors being those which are uncorrelated from spectrum 
to spectrum or day to day. The third term on the right-hand side of the equation depends on the 
relative error of the AMF. Hence when errors in AMF are significantly greater than l%, the 
relative error in Y,,, equals the relative error in AMF. 
The sensitivity of AMFs of ozone to the computational scheme and model has recently been 
studied by Sarkissian et aL6 who compared AMFs calculated by different radiative transfer models 
with the same specified vertical profiles. The sources of differences between results came from 
differences in computational parameters such as optical and geometrical path calculations, and 
from the use by some workers of the intensity-weighted approximation. Variations in model scheme 
(Monte-Carlo or standard) or complexity (e.g., introduction of multiple scattering) introduced 
smaller differences. The sensitivity of AMFs of ozone or NO, to atmospheric parameters had 
already been studied in some specific cases: Perliski, ’ Dahlback et al8 and Lenoble and Cheng 
introduced polar stratospheric clouds and volcanic aerosol in their computations, which include 
multiple scattering; Sarkissian4 and Friedler et al” made a similar study using a single-scattering 
model; Sarkissian4 studied the effect of vertical profiles of air density, temperature and ozone; Van 
Roozendael et al” studied the perturbations due to surface pollution in the presence of thick 
tropospheric clouds. 
The goal of this paper is to discuss the relative accuracy of ozone AMFs in the visible. A complete 
validation of AMF calculations can be made only by comparison with observations, which is 
beyond the scope of this paper. Here, calculations are made at 510 nm by a single-scattering 
radiative transfer model. The sensitivity of the AMF is studied by making changes in computational 
parameters and schemes. The effect of each change is calculated on its own. If the effects of the 
changes are independent, then the total error in AMF is the root-sum-square of all the individual 
changes in AMF. 
2. FORMULATION OF AMF 
Beer-Lambert’s law gives the relation between measurements and Y,,, for observations of 
atmospheric absorbers 
I = I* exp( -by Y,,) (4) 
where lis the flux (W mm’) received by the instrument at a given wavelength and solar zenith angle 
(SZA) with Y in the atmosphere, I* is the flux received without Y in the atmosphere, and (or is 
the absorption cross-section of Y. From Eq. (I), the AMF of the observation is then 
AMF, = &[-m(k)] (5) 
The calculation of AMF in the case of direct solar, lunar or stellar observations is simple: it is 
a ratio of geometrical path lengths because there is only one path. By contrast, in the case of zenith 
sky observation, the calculation of AMF needs models to integrate the light scattered by different 
air parcels seen by the instrument. These models must simulate radiative transfer of the sunlight 
in the atmosphere to calculate I and I*, which involves running the model twice. Many earlier 
calculations used the intensity-weighted approximation (see Appendix I), which only needs one 
model run. This approximation only agrees with the more exact Eq. (5) in the limit of weak 
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Fig. 1. AMF for zenith-sky ground-based observations are calculated by models which simulate the 
radiative transfer of sunlight as it traverses the atmosphere of the Earth and is scattered vertically 
downward into the field-of-view of the spectrometer. 
absorption and give rise to a significant error in ozone AMF at SZA greater than 90” (typically 
3% at 92”). 
3. MODELS OF GROUND-BASED ZENITH-SKY OBSERVATIONS 
Figure 1 shows sunlight as it traverses the atmosphere from its top (z,,,,J to the air volume V 
located at altitude z km. The radiation is scattered in this volume. This scattering is Rayleigh 
scattering by molecules /IRay and Mie scattering by particles ,&(I’). Light is scattered in all 
directions, including toward the ground. On its path from outside the atmosphere to the ground, 
the radiation is attenuated by molecular scattering kRay(h) and particulate scattering k,,,(h), and 
is absorbed by molecules k,(h). p are the scattering coefficients, k the extinction or absorption 
coefficients, and h is the height of the current position along the path from the top of the 
atmosphere to I/. Models must integrate this radiation reaching the instrument by varying the 
location of V in the field of view of the instrument. 
The flux I received by an instrument is then 
Zenith 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
0 h h+dh 
Fig. 2. In the common approximation whereby refraction is neglected, the geometric enhancement factor 
of the path in a spherical shell can be deduced from simple geometry. The formula, given in Eq. (I I) is 
simple to derive once the tangent altitude h, is introduced. 
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I = 
s 
dZ, (6) 
When treating single scattering only (see Appendix 2 for the treatment of double scattering), the 
individual contribution dl,, from volume element dV can be calculated from 
dI, dV 
- = ~ COS[~ ( VI [&ay (V + BMie ( Ulev[ - t( 01 10 4nr ( V)’ 
where I,, is the solar flux outside the atmosphere, r(V) is the distance between V and the instrument, 
(V) is the angle of incidence of the radiation at the instrument, and z(V) is the optical thickness 
of the atmosphere traversed: 
LOP 
T(V) = 
S[ 
C k,(h) + k,,,(h) + kMie(h) 
V Y 1 L(hv J’)dh + S[ ’ Cky(h)+kRay(h)+k~i,(h) dh (8) 0 Y 1 
where Y = 03, N02, etc., k(h) = an(h) except k~ie, o is the cross-section (cm2), n(h) is the density 
(moleccm-“) at h, and L(h, V) is the geometrical enhancement factor of the path when the ray 
is crossing dh. L(h, V) must be calculated taking into account the refraction and the sphericity of 
the atmosphere. 
When using the exact as opposed to intensity-weighted formulation of AMF, Eqs. (7) and (8) 
must be calculated for both Z and I*. Because the AMF depends on the ratio of Z to Z* [Eq. (5)], 
all constants (e.g., IO) cancel and can be removed from computations. 
Most of the differences between models are caused by approximation in these formulae. A 
common approximation is to assume an infinitely narrow field of view and replace the integration 
in Eq. (6) by summation of contributions from homogeneous layers (e.g., Solomon et al’*). Then 
dV depends on r( V)2, and dl, depends only on the altitude z, so that (6) and (7) give: 
I= Const zzo [BRtiy(Z) + Bui.(r)]exP[ -r (Z)]JZ 
and (8) becomes 
IOP 
T(Z) = 1 
C 
1 k,(h) + k,,,(h) + k,,,(h) 1 h=r Y 1 k,(h) + k,,,(h) + k,,,(h) 1 Ah (10) 
Here, L(h, V) becomes L(h, z). In another common approximation, neglecting refraction, it is 
shown by Fig. 2 to be: 
L(h,z)Ah =,/(h +Ah +Ro)Z-(ho+Ro)2-,/(h+Ro)2-(ho+Ro)2 
where R, is the radius of the Earth and ho the altitude of the tangent point: 
(11) 
ho=(z +&)sin(x)-R, 
The default computation in this paper uses Eqs. (9) to (11) as approximations, with Ah = 
AZ = 1 km from the bottom of the atmosphere to 90 km altitude. Multiple scattering, ground 
albedo, Raman scattering, and refraction were excluded from this default because of their longer 
computation time, although the effects of adding each in turn were evaluated in Sec. 4. 
In this default calculation, vertical profiles are the same as those used in the intercomparison 
of AMF calculations described by Sarkissan et al:’ the air density is subarctic winter (Handbook 
of Geophysics’3); the ozone profile is from the Handbook of Geophysics;‘3 the background aerosol 
Table I-Foomores continued 
Volcanic aerosol is taken from observations in winter 1991/92 in Northern polar regions by 
Pommereau and Piquard” after the eruption of Mt Pinatubo in June 1991: the optical 
thickness of the cloud is 0.05 at 550 nm, its geometrical thickness is 7 km, and the altitude 
of its base is 12 km. 
Calculations concerning changes of the vertical profile of the Mie scattering include double 
scattering, and values are given relative to the default computation but including double 
scattering. The phase function corresponds to a Henyey-Greenstein phase function with an 
asymmetry factor g = 0.67 I5 
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Table I. Relative Percentage differences { lOOx[AMF(x) - AMF(Default computation)]/AMF 
(Default computation)} in ozone AMFs due to changing computational and geophysical 
parameters. 
C%ange m parameter (footnote) 
oo? + (-) 10% (a) 
Change(%)mAMkatgvenSZ.A 
816” 8tF 9(p 4x!? 94” 
0.0 - (+) 0.1 (+) 0.1 - (+) 0.3 - (+) 0.5 
cJ& +‘(_) 1% (bj 
& = 80 km (c) 
Gzxx~60~hm0,“0Z) 
x 
Leugth of indiv. shell + (-) 1% (d) 
Lknsities taken at shell base (e) 
Refraction Q 
0.0 
0.0 
0.0 
0.1 
- (+j 0.1 
0.0 
0.1 
0.2 
i+j 0.1 
0.0 
0.1 
0.5 
- (+)o.l - (+j 0.2 
0.0 0.1 
0.4 2.8 
1.4 10.4 
+ (-) 0.9 + (-) 0.9 + (-) 0.9 + (-) 0.8 + (-) 0.7 
-0.3 -0.4 -0.4 -0.4 -0.4 
0.0 0.1 0.2 0.4 3.0 
Double scattering (g) 1.4 1.3 1.2 0.7 1.2 
Adding ground albedo (0.5) 0.0 0.0 0.0 0.0 0.0 
Adding Raman scattering (f) 0.9 0.9 0.7 0.6 0.2 
Intensity-weighted appnximation (h) -0.3 -0.6 -1.2 -2.8 -5.1 
Altitude of the instrument = 1 km (i) 0.6 0.7 0.8 0.8 0.8 
Ozone hole 12-17 km Q) -1.0 -1.8 -2.9 -0.1 9.1 
Owne hde 17-22 km -4.0 -5.6 -8.7 -15.1 -10.8 
Ozone layer - 3 km (k) -3.2 -3.6 -4.6 -8.4 -13.4 
ownelayer+3km 0.8 0.3 0.0 2.2 8.4 
Watm s&at. (230 K at 10 mb) (I) -0.4 -0.7 -1.2 -2.1 -2.5 
Cold &at. (200 K at 10 mb) 0.2 0.3 0.6 1.5 3.2 
No aerosol (m) 
Qoud at ground level (n) (s) 
‘&us cloud at 8 km (0) (s) 
Reduced stratospheric aerosol (p) (s) 
Polar stmtosphexic cloud (q) (s) 
1.1 1.2 1.0 3.8 9.5 
-0.3 -0.2 -0.2 -0.2 0.0 
-6.8 -4.5 -0.5 0.3 -0.4 
0.6 0.7 1.0 3.3 6.3 
-1.6 -2.6 -5.1 -12.3 -22.7 
Volcanic aerosol (r) (s) -9.6 - 10.9 -13.0 -21.8 -41.5 
l”d, 
(4 
(4 
(d 
(0 
(g) 
(h) 
(9 
6) 
(k) 
f 10% is the accuracy of o,,r (Johnston, private communication). 
k 1% is the accuracy of oRay given by Bates” from which our formula and the formula by 
NicoIet’b are derived (Farman, private communication). 
rmax is 50 km in Solomon et al,” 60 km in Sarkissian4 
+ 1% on L(h. z) simulates systematic differences (R, = 6378 km at the equator and 6357 km 
at the pole) and systematic errors in computation (Sarkissian et a16). 
Some workers have taken values of densities in Eq. (9) at the bottom of the shells instead 
of at the middle (Sarkissian et a16). 
Raman scattering and refraction effects are calculated usmg the model of Fish.” 
Schemes of double scattering and of including alhedo are similar to single scattering 
and contributions are added by numerical integration over all the spherical atmosphere 
(see Appendix 2). Sarkissian et al6 showed that the standard scheme with only double 
scattering agrees well with a Monte-Carlo scheme with all orders of scattering (Lenoble and 
Chen’). 
see Appendix I. 
.z,,~ is the altitude of the instrument. 
Altitudes of zero ozone in ozone holes are taken from Gardiner and Farman.‘* 
Changes in the altitude of the ozone layer are taken from observations over all latitudes and 
seasons (Komhyr et ally). 
(1) Cold and warm stratospheric temperatures are taken at 60” N in January from Handbook 
(m) A pure Rayleigh atmosphere assumes &,,e(~) = 0 and k,,,(h) = 0 
The optical thickness of the cloud at around level is I. 
I 
i i t ;  
(P) 
(4) 
The optical thickness of the cirrus cloud is 0. I. 
A reduced stratospheric aerosol in the Antarctic vortex in winter (stratospheric cleaning) is 
taken from observations in spring by SAGE II (McCormick et al’O). 
The optical thickness of the Polar stratospheric clouds is 0.61 at I urn, its geo- 
metrical thickness is 7 km, and the altitude of its base is I4 km, as frequently observed in 
Northern and Southern polar regions (Sarkissian et al$ Sarkissian ef al;j2 McCormick 
et al?‘). 
of Geophysics.” 
(Foomoies continued on opporire puge.) 
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Table 2. Relative percentage differences in ozone AMFs at 88” and 90” SZA due to 
changing Seasons and locations. The fifth column is the mean value of the relative difference 
of 5 observations during twilight from 87” to 91” SZA, the range commonly averaged to 
give the daily vertical amount (Sarkissian4). Columns six and seven indicate respectively 
seasonal (for one location) and global means with their standard deviations. The last line 
is the relative differences from the SAOZ standard software AMFs (Sarkissian4). 
Change from default 
computation 
Location Months 
15% DJF 
Change (%) in AMF Change (%) in AMF 
at given SZA averaging from 870 to 91’ SZA 
880 9(p Annual Global 
-3.2 -4.7 -3.7 -2.9&9 
WN 
4PN 
45% 
45% 
4pN 
WN 
WN z 
603 
60% 
6023 
60”s 
JJA -1.7 -2.7 -2.0 
JJA 
SON 
JJA 
SON 
JJA 
SON 
-1.1 -0.8 -0.9 
-3.1 -3.4 -3.1 
-5.2 -6.4 -5.6 
-1.5 -1.7 -1.3 
0.4 0.5 0.5 
-1.1 -1.2 -1.2 
-4.6 -5.5 -5.1 
-1.0 -0.8 -0.9 
1.6 1.7 1.7 
1.0 1.6 1.3 
1.2 2.1 1.7 
1.3 1.6 -1.6 
-2.7k1.9 
-1.2ti.4 
-1.7&l 
1.6d.2 
SAOZ -0.7 -1.1 -1.0 
Profiles of temperature, and so air density, are taken at 15”, 45” and 60” N for July and 
January (Handbook of Geophysics”). Ozone vertical profiles are taken from ECC 
ozonesonde observations in 198551987 from Komhyr et ali9 for December-January- 
February (DJF), March-Airil-May (MAM), June-July-August (JJA) and Septem- 
berGctobe-November (SON) at Point Barrow. Alaska (71” N, 156” W) for the profile 
60” N; at Boulder, Colorado (40° N, 105” W) for’45” N; at Hilo, Hawaii (19’ N, 155’ W) 
for 15”N; and at Syowa, Antartica (69” S, 39” E) for 60”s. To compute 
March-April-May and September-October-November AMFs, the winter vertical profi- 
les of air densities are assumed. 
extinction coefficient is from the Handbook of Geophysics I3 in the troposphere and from SAGE II 
observations in April 1988 at 65”N for the stratosphere. Background aerosol phase function 
corresponds to a HenyeyGreenstein phase function with an asymmetry factor g = 0.6715 
(Lenoble, private communication). Individual shells are supposed homogeneous, and values of 
densities and Mie extinction are taken at the middle of the shell. 
4. RESULTS OF AMF CALCULATIONS 
AMFs for ozone were calculated with the default calculation and by changing each parameter 
and element of the scheme in turn. The default computation gives 12.071 at 88” SZA, and 16.778 
at 90” SZA (respectively 11.99 and 16.59 for SAOZ standard software). Table 1 lists the relative 
differences from the default calculation, at several SZA. The chosen increment in each parameter 
and element of the scheme is representative of the typical error in the parameter or of the commonly 
used approximation in the scheme. The footnotes list the reasons for the chosen increments, and 
justify this assertion. 
Ozone AMFs are calculated for different seasons and latitudes (profiles of air and ozone densities 
together) and results are presented in Table 2. 
5. DISCUSSION 
The results in Table 1 show that: 
(a) Errors in ozone and Rayleigh-scattering cross-sections, have a small effect on the AMF 
computation and can be ignored at all SZA. The same is true of including ground albedo. 
(b) 
(cl 
(4 
(e> 
(f) 
(g) 
(h) 
(9 
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Limiting the top of the model atmosphere to 50 km generates errors larger than 0.5% in ozone 
AMFs at SZA > 90”. To remove this source of error, the top of the atmosphere in models must 
be at least 80 km. 
Errors in the calculation of optical path in individual shells [Eq. (1 l)] significantly affect ozone 
AMFs: a systematic underestimation of the geometrical path by x % (1% in this case) decreases 
the AMF by approximately the same proportion x% at all SZA; taking values of densities at 
the bottom instead of at the middle of the shells affects ozone AMF by -0.4% at all SZA. 
As noted by Sarkissian et aL6 differences between standard models (models similar to the 
present one) come mainly from the computation of Eq. (1 l), and differences are significant 
(spread of results of 2% at 86” SZA and 13% at 94”). A correct calculation must be used. 
The intensity-weighted approximation must be avoided, 
Background aerosol must be included in the model. 
Schemes include double scattering, Raman scattering, and refraction increase the time of 
computation (double scattering is 400 times longer than single scattering in our model). 
However, their effects cannot be neglected, but are small enough, that they can be numerically 
added to the single-scattering calculation, assuming their independence. 
Observations from high-altitude increase the ozone AMF and corrections must be made even 
for 1 km. 
Vertical profiles are important parameters in the calculation of AMFs (a well-known 
conclusion, e.g., Syed and Harrison14). Unfortunately, this source of error cannot be removed 
a priori. 
Aerosols are difficult to introduce correctly because of their large variation in optical thickness 
and scattering phase function in time and location. This source of error cannot be removed 
a priori. Note that our computations which explore sensitivity to aerosol include double 
scattering, although results with only single scattering are similar (largest effects agree within 
4% at SZA < 92”). 
The results in Table 2 show that ozone AMF varies with the location and the season, reflecting 
its dependence on vertical profiles of air and ozone densities. Note that the AMFs from SAOZ 
standard software (Sarkissian4) are close to our default computation. 
6. CONCLUSION 
Total errors in ozone AMFs at 510 nm increase notably at SZA > 91”, so that SZA 3 92 ’ should 
not be used for interpretation of ground-based zenith-sky observations of ozone in the visible. Note 
that this upper limit in SZA also applies to Langley plots for calculation of Y,,r. This result, together 
with the lower limit to SZA from the first term of Eq. (2) gives the interval of 87” to 91” SZA for 
accurate averaging of vertical columns to produce a daily value. This interval, commonly used in 
the community, allows measurements in polar regions up to latitude 67” 34’ in winter. Using this 
interval and supposing five observations during twilight (87”, 88”, 89”, 90” and 91’ SZA), errors 
in vertical ozone due to potential computational errors are f 1.2% (Sarkissian et al’), and the sum 
of systematic errors due to neglecting multiple scattering, refraction, and Raman scattering is 
-2.2%. 
In Table 2, the mean of the values at each angle averged over the range of angles is the equivalent 
error due to differences in vertical profiles, provided they are correlated at different SZA. Supposing 
that there are no computational errors, and no approximations, errors in AMFs come only from 
wrong assumptions about these vertical profiles. Supposing five observations during twilight, the 
mean of the differences from the default computation is represented in column 5 of Table 2, the 
annual mean for one location in column 6, and the global mean for all seasons and locations in 
column 7. The standard deviation (1 a) is also indicated. This would represent the error when using 
a mean profile for each location, instead of our default profile. Hence the mean error due to using 
one set of AMFs for all locations and seasons is f2.4%. The mean error due to using one set of 
AMF for all seasons and only one location is reduced to +0.9% at 20” N, f 1.9% at 45” N, 21.% 
at 60” N and +_0.2% at 60” S. 
For events such as the ozone hole, polar stratospheric clouds or volcanic aerosols in the 
stratosphere, errors increase significantly and special calculations have to be made. Note that this 
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paper does not attempt to quantify absolute errors in AMFs. The only way to do this is to compare 
calculations with observations, beyond the scope of this work. 
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APPENDIX 1 
The Intensity-weighted Approximation 
Equation (5) states the formulation of the AMF: 
1 AMF,=- 
Y”,, c Y (5) 
Assuming an infinitely narrow field of view and replacing the integration in Eq. (4) by a 
summation, 
Z=zZ$exp[-ky(z)] and Z*=cZy 
z Z 
Equation (5) then becomes 
AMF, = - yVelCy [ -ln{’ I’ e~~ky(z)l]] 
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If k,(z)<< 1, then exp[ - kr(z)] x 1 - kr(z). Hence 
If k,(z)ctl, then (C,Z$(z)/&Z~)<<l, and since ln(1 +x)%x when x<<l 
In the case of weak absorption by Y, then Zz g Z; so that 
This equation takes the weighted average of the AMFs of each ray in the calculation, the weights 
being set sequal to the intensity received by the instrument for each eay. This intensity-weighted 
approximation has been commonly used (e.g., Solomon et al;‘* Sarkissian4) but only agrees with 
the more exact Eq. (5) in the limit of weak absorption (k,<c 1). Since the above derivation includes 
three successive approximations relying on this condition, the approximation fails at rather weaker 
absorption than the values 0.1 to 0.2 normally considered adequate when discussing the single weak 
condition exp(-k,) z 1 -k,. 
APPENDIX 2 
Double Scattering 
When a ray is allowed two scattering events before reaching the instrument (commonly called 
second-order scattering), the Sun illuminates volumes of air V2 with geocentric polar coordinates, 
r, 0, @ as sketched in Fig. 3. V2 scatters the radiation in all directions including toward the volume 
V, which scatters the radiation again toward the ground. Our model makes a numerical integration 
of this radiation reaching the ground by varying the position of l’2 over all the atmosphere, and, 
as in the single-scattering calculation, by varying the altitude of I/ from the ground to the top of 
the atmosphere. 
Our purpose in designing this double-scattering model was to investigate whether differences 
between single and middle-scattering events. Hence the scheme of this calculation is the same for 
single as for double scattering: light beams illuminate atmospheric volumes of finite extent and the 
fluxes scattered are summed. This important principle makes the originality of this model. Note 
that it requires calculations of absolute fluxes, not relative. Previous models used analytical 
functions (Noxon et al,’ Dahlback et al*), with different approximations to integrate single 
scattering from those to integrate double or multiple scattering. Here, the integration is numerical 
for both single and double scattering. 
The flux dZr? from double scattering via V2 and V to the ground is: 
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h hmax 
0 R, r ’ Zmax rrnaw 
Fig. 3. Our double-scattering scheme involves integrating all of the fluxes singly scattered from V for all 
locations of V within the field-of-view (a scheme identical to that for single scattering), as well as the 
integrals of the fluxes doubly scattered from V2 then V, for all locations of V2 (all z, 0 and @) at all 
locations of V within the field-of-view. 
dZ,(z, r, 0, @) dV dV2 
10 = 4nr( 47w( v, v2y ax b ( VI 
X [BrkJ W + L( WI WRJ V + Phd Vlexd - 5 (V2)l 
where t( V2) is calculated using the same scheme as in single-scattering [Eqs. (10) and (1 l)] and 
r(V, V2) is the distance between V and V2. 
The flux received by the detector at the ground is then 
Z = C Z14z) + C 1 C Zdz, r, 0, @) 
z [ rB@ 1 
The resolution of the net for V2 is fixed in r and z: Ar = Ar = AZ = 1 km, from & (the ground) 
to r,,, = R. + 90 km. 0 varies from 0” to 20” and @ from 0” to 360” to cover all the atmosphere 
seen from the highest layer (z = 90 km) above the instrument. The default sampling of the net used 
in the calculations is A0 = 0. I” A@ = 5”. A finer sampling increases the duration of the 
computation without significant change to the result of the calculations. 
Note that this model allows non-homogeneous atmospheres in 0 and @, although the results 
shown here are for a homogeneous atmosphere. 
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Abstract. Water vapor total column measurements at Ob-
servatoire de Haute Provence (5◦42￿ E, +43◦55￿ N), south
of France, were obtained using observations of astronom-
ical objects made between July 1994 and December 2004
on the 193-cm telescope with the high-resolution spectrom-
eter Elodie. Spectra of stars, nebulae, and other astronomi-
cal objects were taken regularly during 10 years. More than
18 000 spectra from 400 nm to 680 nm are available on-line
in the Elodie Archive. This archive, usually explored by as-
tronomers, contains information to study the atmosphere of
the Earth. Water vapor absorption lines appear in the visi-
ble in delimited bands that astronomers often avoid for their
spectral analysis. We used the Elodie Archive with two ob-
jectives: firstly, to retrieve seasonal variability and long-term
trend of atmospheric water vapor, and secondly, to remove
signatures in spectra for further astronomical or geophysi-
cal use. The tools presented here (the workflow, the inter-
operable Elodie Archive and the web service Tellodie) are
developed following, when possible, formats and standards
recommended by the International Virtual Observatory Al-
liance.
1 Introduction
The Elodie archive is a database of high-resolution spectra
of astronomical objects (spectral domain: 385 nm to 680 nm;
sampling 0.005 nm; resolution: 0.0065 nm) obtained with the
Elodie spectrograph on a 193-cm diameter telescope at Ob-
servatoire de Haute Provence (5◦42￿ E, +43◦55￿ N, altitude
Correspondence to: A. Sarkissian
(alain.sarkissian@latmos.ipsl.fr)
681m) from July 1994 to December 2004 (Moultaka et al.,
2004). Note that Sophie spectrograph replaced the Elodie
Spectrograph in July 2005 but the Sophie archive was not
open when we started this work. More than 18 000 spectra of
stars, galaxies, and other astrophysical objects are available
in the Elodie archive (the ELODIE archive presently con-
tains 34 992 spectra, among which 18 318 were public when
we started this work), accessible using an online web ser-
vice or php protocol. This database is updated regularly,
when spectra with restricted access are opened to the com-
munity, or after updating the pipeline of the processing. The
archive allows wider use of existing data sets, and this pa-
per applies Virtual Observatory (VO) concepts of the work-
flow (Appendix A), see the International Virtual Observatory
Alliance (IVOA, 2007) web site at http://www.ivoa.net/ and
references therein for details. Initially developed for presen-
tation to students using the “hot” theme of exoplanet search
(Sarkissian, 2007), this tool is used here in geophysical ap-
plication of the atmospheric water vapor budget.
The composition of the Earth’s atmosphere is of great
interest not only to atmospheric scientists but also to as-
tronomers for whom the atmosphere is an annoyance to be
removed in order to interpret astronomical observations with-
out interference from terrestrial gases and aerosol. Inten-
sive astronomical stellar spectroscopic observations began in
the early 20th century. Fowle (1912) pioneered the determi-
nation of atmospheric water vapor from infrared absorption
lines in the solar spectrum. Challonge and Divan (1952) pio-
neered the determination of atmospheric ozone from UV as-
tronomical stellar spectral observations. We present a study
of terrestrial atmospheric water vapor derived from astro-
physical observations in the visible. Water vapor in the atmo-
sphere has become increasingly important due to its strong
feedback to global warming by man-made greenhouse gas
Published by Copernicus Publications on behalf of the European Geosciences Union.
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emission. The involvement of water vapor in the strato-
spheric ozone equilibrium is related to tropospheric water va-
por convection and troposphere-stratosphere exchanges. Wa-
ter vapor in the atmosphere plays a crucial role since water
vapor absorbs the longwave radiation of the Earth’s surface.
The amount of water vapor is expected to increase with tem-
perature (Clausius-Clapeyron equation) so that a water vapor
feedback can amplify global warming by anthropogenous
greenhouse gas emissions. Long-term monitoring of atmo-
spheric water vapor is mandatory for a better understanding
and prediction of climate change (Held and Soden, 2000).
The current paper makes available water vapor column
measurements from both recent and long term astrophysical
observations. Common techniques to retrieve water vapor on
site for astrophysical observations have always been with-
out telescope dependent instruments, for instance: surface
humidity sensors or precipitable water vapor sensor. Spec-
trometric observational methods are difficult, however, be-
cause line or band intensity and broadening depend on ambi-
ent temperature and pressure, requiring vertical profile rather
than altitude on the line of sight, see Angione (1987), and ref-
erences therein. We believe that this difficulty is now partly
solved by improvement of spectral analysis techniques.
Measurements of water vapor by UV-visible spectrom-
eters from the ground on direct sun, zenith sky, or from
space on nadir sky has been demonstrated by Wagner et al.
(2003). The most common method to measure atmospheric
absorbants by UV-visible spectrometry is the Differential
Optical Analysis Spectroscopy (DOAS), (Perner and Platt,
1979; Vaughan et al., 1997; Fayt and Van Roozendael, 2001;
Sarkissian, 1992, 2000). Using Global Positioning System
(GPS) and its signal time delay due to the atmosphere, one
can make use of the satellite network of detectors and read-
ily available handheld units to measure column water vapor
(Bastin et al., 2005; Champolion et al., 2004). Infrared at-
mospheric sensors (Schneider et al., 2006), lidar (Hoareau
et al., 2009), passive microwave radiometry (Westwater et
al., 2005) and radio techniques also provide measurements
of water vapor, vertical profiles or total amount. The exist-
ing network of these instruments, developed at the end of the
last century for long term studies, will probably not grow to
include more sites. The water vapor measurement presented
here would continue to be available on-line at Tellodie web
service (http://bdap.ipsl.fr/tellodie/, 2009) with regular up-
dates (the Elodie full Archive, the Sophie Archive, etc.) to
the scientific community.
The following section presents an overview of the spec-
tral analysis. Section 3 presents the spectrum of the water
vapor absorption cross-section. Section 4 describes in more
details the spectral analysis, and Sect. 5 presents the results
on 18 318 spectra. Description of a workflow in the VO is
given in Appendix A.
2 Spectral analysis: overview
The spectral analysis has been specially developed for wa-
ter vapor removal for future astrophysical use of the spec-
tra. The authors’ initial objective was to develop a spectral
analysis to search water vapor signatures in external sources
like exoplanets and bodies of the solar system. First analysis
shows that water vapor signature in the visible in exoplanets
is so tiny (optical thickness of 10−9 at most) that its detection
is not possible with existing techniques, but in the infrared,
water vapor, ozone and carbon dioxide absorption can reach
a significant percentage, justifying development of this tech-
nique.
In atmospheric research, most spectrometric instruments
use solar light as the source. The differential optical absorp-
tion spectroscopy (DOAS) method is used commonly for tiny
absorptions because scattered light from zenith sky at twi-
light has path lengths up to 20 air masses (Sarkissian et al.,
1995). Here, because the source is not always the same, the
DOASmethod cannot be applied and an absolute method had
to be developed for Elodie. An example of a spectrum of
the Elodie archive is presented in Fig. 2. The spectral range
around 592 nm is displayed in Fig. 3. Not all astronomical
spectra have as many visible absorption lines that are proper
to solar type stars, here 51 Peg of spectral type G2. Some
astronomical objects have only broad or a few lines visible,
like hot O stars, or sometimes emission lines like nebulas.
The wide range of sources make the spectral analysis more
difficult, as we will discuss in the Sect. 5. If I0 is the spec-
trum of the astronomical object outside the atmosphere, and
taking into account the absorption by water vapor only, the
Beer-Lambert law gives
Iobserved = I0 × e−τH2O , (1)
where Iobserved is the intensity of the observed spectrum and
τH2O the water vapor optical thickness in the observed spec-
trum. We called here our analysis an absolute method com-
pared to the DOAS one because we compensate water vapor
signature in the observed spectra adding a negative absorp-
tion (i.e. equivalent to an emission) at intensity levels instead
of doing it at differential intensity level,
I0,calculated = IElodie × e+τH2O , (2)
where IElodie is the intensity (in counts) of the spectrum ob-
served by the Elodie spectrometer, I0,calculated the spectrum
calculated without water vapor signature and +τH2O, the
measured water vapor optical thickness in the observed spec-
trum. Absolute methods are often used when signal-to-noise
ratio of observation is so low that differentiation will gener-
ate too much noise for use. Because of the very high quality
of spectra needed in astronomy, most spectra (up to 96.5%)
were used in the analysis. Then, the amount of water vapor
molecules in the line-of-sight of the observation, nH2O, is
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obtained by
τH2O = σH2O × nH2O, (3)
where σH2O is the water vapor absorption cross-section,
derivable by means of a line list (Fally et al., 2003) under
consideration of instrumental and observational characteris-
tics, as presented below.
3 Water vapor absorption cross-section
Building the spectrum of the water vapor absorption cross-
section from the line list was made in two steps: first, build-
ing a very high resolution and over-sampled set of cross-
sections that can be adapted, as a second step, to each Elodie
spectra when making spectral analysis. The high resolu-
tion cross-section is then kept as an input for the spectral
analysis. This approach is time consuming, but guarantees
the accuracy of the final resolution reached. In our case, a
water vapor absorption cross-section is calculated from the
on-line list at http://www.ulb.ac.be/cpm (2007), of water va-
por line parameters, from 26 000 to 13 000 cm−1 (respec-
tively, 770 nm to 385 nm) measured at 291.3K (Coheur et
al., 2002; Fally et al., 2003), with a portable high-resolution
(0.06 cm−1) Fourier Transform spectrometer within a 602-m
long absorption cell. Table 1 summarizes modifications ap-
plied to the original list to build water vapor cross-section for
Elodie spectra. Water vapor lines have a Voigt profile dom-
inated by self-broadening and air-broadening modulated by
air temperature and pressure variability on the line-of-sight
of the telescope. We used a Gaussian weighting function
when building the water vapor cross-section, because dur-
ing analysis, an empirical Gaussian fit had a lower residual
compared to other simple convolutions (see Sect. 5 for expla-
nation on residuals). We also noted that vertical retrieval of
atmospheric pressure and temperature seems to be possible
using the water vapor line shape at these wavelengths, some-
thing to be explored in the future (Liu et al., 2006). Also,
wavelength shift is calculated during spectral analysis, and
no corrections were made compared to vacuum values when
building the cross-section. Fig. 1 shows atmospheric water
vapor lines convoluted with a Gaussian of 0.2 cm−1 width
sampled at 0.01 cm−1. Markers indicate the spectral posi-
tion and the intensity in the original list. This set, converted
into wavelength scale, was used as the starting point for the
analysis of all spectra. This high resolution cross-section is
convoluted by a Gaussian of RH2O nm Half Width Half Max-
imum (HWHM), resampled at Elodie spectral sampling, i.e.,
at 0.005 nm ( 0.13 cm−1 at 590 nm ) for each spectrum in-
dividually. RH2O varies during the spectral analysis in order
to cover all possible resolutions for Elodie spectra, i.e., from
approximatively 0.08 to 0.12 nm, see Table 2.
The wavelength range chosen for the analysis is 591.5
to 593 nm because it includes two water vapor triplets (see
Figs. 3 and 4) and is easy to identify visually as well as
through dedicated software. The choice of a narrow (few
Fig. 1. H2O absorption cross-section between 585 and 605 nm. The
line list presented as markers is provided by Coheur et al. (2002) and
Fally et al. (2003). The cross-section is calculated by convolution
of the line list using a 0.17 cm−1 (0.0065 nm) HFWM Gaussian.
Fig. 2. Example of Elodie spectra: 51 Peg of spectral type G2 taken
by Mayor and Queloz on 6 November 1995.
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Fig. 3. Example of Elodie spectra (see Fig. 2), but focused on the
water vapor absorption region at around 590 nm. Note the triplet at
591.8 nm, followed by the triplet at 592.5 nm.
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Fig. 4. H2O cross-section (dotted line) resampled to Elodie HWHM
(calculated from spectrum 199511060011 of 51 Peg) from initial
cross-section (full line). Broadening and shift are calculated by
minimizing the residual after substraction (see text).
nanometers wide) wavelength spectral range is due to the low
probability of interference with similar intensity stellar spec-
tral lines, as indicated by several runs made during analy-
sis improvements. Also, the compromise between fast spec-
tral analysis and the accuracy needed justifies such a narrow
spectral range.
Saturation problems are common with strong water vapor
absorption lines in the visible, and are usually corrected by
a coefficient applied on the final result: a modified Langley
technique (Michalsky et al., 1995; Wagner et al., 2003). Be-
cause the lines at 592 nm are so weak, our water vapor cross
section are not corrected, and therefore do not take into ac-
count this effect. Discussion on this non-linearity of water
vapor cross-section is in Sect. 6.
4 Observations
Observation of astronomical objects with Elodie, on the 193-
cm telescope at Observatoire de Haute Provence at the south
of France, started in July 1994 and ended in July 2005 when
the Sophie spectrometer replaced Elodie (Moultaka et al.,
2004). We analyzed the spectra available when we began
writing this paper in December 2006. Spectra of stars, galax-
ies, and other astronomical objects were taken regularly each
night when the sky was clear enough, over a 10-year period,
and more than 18 000 spectra are available on-line for inten-
sive use of the Elodie archive (which contains 34 992 spec-
tra). The on-line data reduction procedure removes scattered
light and makes spectral wavelength and relative flux calibra-
tions. Spectra are stored in Elodie archive in FITS (Flexible
Image Transport System) format, a standard data format used
in astronomy, endorsed by NASA and the International As-
tronomical Union (2007, http://fits.gsfc.nasa.gov/). Observa-
tions have been made by numerous astronomers, but most
necessary information has been stored in the archive (like
the time of the observation needed for astronomers for vari-
Table 1. Resolution, sampling, and spectral shift of H2O at 592 nm.
Source Sampling HWHM Shift
Reims, provided (cm−1) list 0.096 −0.03
Reims, convolved (cm−1) 0.01 0.17 0
Elodie, theoretical (cm−1) 0.14 0.18 −4.93
Reims, convolved (nm) 0.00035 0.0065 0
Elodie, theoretical (nm) 0.005 0.0065 −0.163
This analysis (nm) 0.005 0.0090 −0.164
Equivalent (m×s−1) 2532 3544 −83 050
Table 2. Results of spectral analysis on Elodie Archive,
18 318 spectra.
Value Line-of-Sight amount HWHM Spectral Shift
unit 1022 molecule×cm−2 nm nm
Mean 6.00 0.00912 −0.163750
Minimum 0.00 0.00824 −0.16200
Maximum 20.00 0.01000 −0.16600
Step 0.02 0.00003 0.00002
able processes, the air-mass factor of the line-of-sight needed
for information of the amplitude of atmospheric absorption
lines, etc.). Unfortunately, some parameters such as atmo-
spheric pressure around the observation site and humidity
were not recorded or measured during observations. How-
ever, the astronomical data are so well referenced and the
procedures identified so that the homogeneity of the data set
is conserved. This paper is a demonstration of such homo-
geneity because no normalization factors have been applied
from one result to another, or from one period to another.
An example of a spectrum of the Elodie archive is presented
in Fig. 2. The spectral range around 592 nm is displayed in
Fig. 3. Not all astronomical spectra have as many visible ab-
sorption lines that are proper to solar type stars, here 51 Peg
of spectral type G2. Some astronomical objects have only
broad or a few lines visible, like hot O stars, or sometimes
emission lines like nebulas. The wide range of sources make
the spectral analysis more difficult, as we will discuss in the
next section.
5 Spectral analysis
Our spectral analysis is composed of cyclic procedures, vary-
ing spectral resolution of water vapor cross-section, spectral
shift of water vapor cross-section and nH2O, the total column
of water vapor molecules per surface area in line-of-sight for
each individual spectra. One cycle is calculated for one set
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of these three parameters only. Note that there is no conver-
gence procedure, and all possible cycles were evaluated in
sequence. At the end of the analysis of each spectrum, the
water vapor calculated is removed from the spectrum, i.e.,
its spectral signature substracted from the initial spectrum.
The quality of the spectral analysis can be evaluated by the
presence of water vapor signatures in the obtained spectrum:
an efficient spectral analysis should remove any water vapor
signature.
A spectral shift of ￿λH2O is also applied to convert vac-
uum wavelength into air wavelength. The Shannon scheme
(Shannon, 1949) is built for interpolation of cross-sections,
and the water vapor optical thickness τH2O measured with
the Beer-Lambert law for the observation allows us to de-
duce water vapor line-of-sight amount of water vapor,
nH2O =
τH2O
σH2O
. (4)
The best values of nH2O are obtained by minimizing resid-
uals, i.e. minimizing the standard deviation of ln (I0,calculated)
after removing water vapor from spectra. A high quality
residual reaches 0.005 while a low quality spectrum, or a
spectrum with a dominant non-water vapor absorption or
emission line in the spectral domain, increases residual up
to 0.3. Values higher than 0.1, representing 0.1% of the data,
are rejected in this analysis.
Figure 4 (dotted line) shows a water vapor cross-section
calculated for spectrum of 51 Peg (Fig. 5) taken on November
1995. Applied spectral shift is not visible at this scale. The
amount nH2O calculated is 7×1021 molecule×cm−2, giving
an optical thickness represented by the upper dotted line on
Fig. 5. The lower dotted line shows the spectrum before sub-
traction of water vapor signature, i.e., before analysis. The
full line shows the spectrum after subtraction of water va-
por signature, i.e., after analysis. Water vapor total column,
NH2O is obtained by:
NH2O =
nH2O
AMF . (5)
AMF is the air-mass factor of the observation, i.e., the
ratio between line-of-sight air column and vertical column
above the observational point, a value provided in the Elodie
archive and equivalent to 1÷ cosine of the source zenith an-
gle for elevations larger than 20◦. Note that for astronomers,
objects are observed close to the meridian when possible, i.e.
when the zenith angle is minimum. In present data set, less
than 1.5% of observations are made at zenith angle higher
than 70◦.
6 Results and discussion
Results of the spectral analysis of all the spectra are sum-
marized in Table 2, and values of NH2O are presented in
Fig. 6. Mean value of the spectral shift measured during
the analysis corresponds to the theoretical one presented in
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Fig. 6. Result of spectral analysis on 18 318 spectra of Elodie.
Table 1. Mean value of the HWHM measured during the
analysis do not correspond to the theoretical one presented
in Table 1 because atmospheric turbulences and effects on
integration time and integration on the line-of-sight, i.e.,
with variable properties difficult to evaluate. The seasonal
variation can be easily seen with higher values in summer
and lower values in winter, an effect due to the variabil-
ity of the dew point with atmospheric temperature. Some-
times, in winter, extremely low values are reached indicat-
ing the dryness of the atmosphere above Observatoire de
Haute-Provence. For further interpretation, daily (nightly),
weekly, and monthly means have been calculated from these
results, as well as a simple sine curve fit (Fig. 7). A negative
slope of −0.44±0.24×1022 molecule×cm−2 per 10 years
(i.e. −9.6% per decade) is obtained after removing the sine
fit, indicating a not significant trend because it is not larger
than two times its error. This is in agreement with the re-
view of measured trends over Europe made by Morland et
al. (2009). This negative slope might be introduced by the
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Fig. 7. H2O monthly mean at OHP from 1994 to 2004 and a sine
fit curve (dotted line) to show seasonal variation. The residual af-
ter subtraction of the sine fit, shown at the top of the graph, has a
negative slope of−0.44±0.24×1022 molecule×cm−2 per 10 years.
high summer values in 1994 and 1995. We believe that more
detailled trend calculation, including seasonal trends calcula-
tions, could be made after we extend this analysis to the full
Elodie Archive and to the Sophie Archive.
The first point for the discussion concerns the improve-
ment of the building of water vapor cross-section, and its ef-
fect on error budget. Then, because most of the atmospheric
parameters are not known, the retrieval process can be made
using climatological atmospheric variability.
Secondly, saturation effects on strong absorption lines in
the polyad 5ν range at 592 nm are not negligible and can
reach up to 5% (Wagner et al., 2003). Such effects can be
corrected by applying a linear correction factor depending
on the quantity of water vapor, but we did not apply it at
this stage. Our observations are made at low air-mass reduc-
ing enhancements of column amounts. Multiple scattering
effects are reduced because astronomers make observations
during clear skies. The spectral range chosen needs a lower
correction factor than spectral ranges at higher wavelength.
The very high spectral resolution of Elodie makes correction
factor even lower than for low resolution instruments because
individual lines are resolved. The amount of water vapor in
the line-of-sight measured without correction is always lower
than 30×1022 molecule×cm−2, and then saturation affects
the linearity of Langley relation by less than 3% on less than
1% of all measurements, rending correction negligible when
making monthly averages.
And thirdly, all observations are made at night during clear
sky and it is possible that the water vapor trend estimation is
biased.
In order to perform a validation of our measurements, they
were used to calibrate lidar water vapor profiles obtained
from May 1999 until December 2000 (Hoareau et al., 2009,
as well as using radiosondes from Nıˆmes (the distance be-
tween OHP and Nıˆmes is less than 100 km). The calibration
procedure uses the variance between radiosonde profiles and
lidar profiles between 2 and 8 km calibrated with our to-
tal column values on available days of lidar observation.
This variance (0.4 at 2 km, nearly 1 at 5 km, decreasing to
0.6 g2 kg−2 at 8 km) is due to the natural time variability of
atmospheric water vapor at these altitudes. The decrease of
this variance by few (5 to 10) percent observed when using
Elodie water vapor data gives information on the sufficient
validity of our measurements, but we need more co-located
and simultaneous observations for better validation.
Our workflow is developed in the frame of the Astronom-
ical Virtual Observatory and is available online as a web ser-
vice, with results in VOtable format ready for interoperability
(http://bdap.ipsl.fr/tellodie/, 2009). The concept of interop-
erability is already difficult to develop for astronomy and is
even more complicated in interdisciplinary research, but this
study is a demonstration that science-driven application can
be developed more easily when using tools and standards of
the Virtual Observatory.
7 Conclusions
We have presented water vapor total column measured at Ob-
servatoire de Haute-Provence between 1994 and 2004 using
the Elodie archive: 18 318 spectra obtained by the Elodie
high-resolution spectrometer on the 193-cm telescope. Sea-
sonal variability of water vapor as well as a preliminary study
of its trend above the observatory was possible because of
the high quality of the available data. Astronomy can pro-
vide valuable past and present observations useful for atmo-
spheric science, and this should be explored further. The
large number of spectral databases in astronomy and their
covering time periods, starting at the beginning of the previ-
ous century gives perspectives for extension of this workflow
to ozone in the visible and for NO2 at around 430 nm. The
next step is to explore water vapor line shape sensitivity to
air temperature and pressure and to extend this analysis to
the full Elodie Archive and to the Sophie Archive.
Appendix A
Workflow in the Virtual Observatory
The Virtual Observatory is comprised of a workflow con-
sisting of a group of tasks involving one or more sources,
which may include data banks, web services, etc. The sim-
plest workflow for an instrument in modern astrophysics is
a series of tasks, usually called a pipeline. A pipeline has
its own local and fixed input and output parameters, fixed by
instrument conditions, and does not interfere with or depend
upon external programs, parameters, or data. This is the main
difference from the workflow. Pipelines are needed because
data sources are permanently in evolution (new observations,
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The Tellodie Workflow
Telluric Lines in the Elodie Spectra
Menu
Interoperability
Tools
Spectral Analysis
Outputs
Web Service
Tellodie
Web Services
1- The Elodie Archive
2- H2O line list
3- Spectral model of stars
4- Atomic and molecular databases
Can be queried on line
1- H2O total column
2- Daily, weekly and Monthly means of 
     H2O total columns
3- Residual spectra
queries
Local Software External (Interoperable)
For individual spectra
1- Building H2O cross section
2- Cyclic procedure on NH2O, 
    HWHM and Shift
1- NH2O, HWHM and Shift
2- Best standard deviation of residuals
3- Spectra without H
2
O
1- Parameters for analysis
2- Parameters for external queries
3- Parameters for outputs
Fig. 8. Workflow diagram for derivation of water vapor from spectra. Options not used for this work are in italics.
improvement of a pipeline, update of available resources),
whereas a workflow must integrate a complex approach of
data treatment, including interactivity with other centers.
Then, the interoperability between data centers, which is the
basis of the Virtual Observatory, is the only way to make a
reliable workflow. Not all the conditions of a workflow as
defined by the Virtual Observatory, are present in our work-
flow, but we consider this a first step towards the minimum
requirement.
The main goal of the workflow presented herein uses spec-
tral analysis to retrieve amounts of trace gases. Although
we focus on atmospheric water vapor, we can retrieve other
gases such as NO2 and ozone (Michalsky et al., 1995).
Our workflow is composed of four parts (Fig. 8): the
menu, the search for sources (spectra, cross-sections, infor-
mation on sources etc.), the spectral analysis, and the out-
put. The menu is a user interface where one can select the
type of workflow needed: some parameters like a selection
of sources in time or high and low resolution analysis, and of
course, the output format. Then, depending of selected pa-
rameters, the workflow searches for available components in
an interoperable way. The search for sources is limited to the
Elodie archive, but can easily be extended to other spectral
archives. For example, a search for radial velocity variation
studies is also plugged as an option, and this was the origi-
nal objective during the initial development of this workflow.
Today with limited options, our workflow will be extended
and available as beta version to both astronomical and atmo-
spheric communities. The main subject of this paper is the
water vapor total column measurement whereas the spectral
analysis contains several other outputs as well as a menu for
input parameters. These are not presented in this study.
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a b s t r a c t
We explore a method to measure the temperature at the surface of ‘‘hot Jupiter” type exoplanets by rel-
ative photometry in the infrared at around 10 lm in N spectral band. The method is described and val-
idated by numerical simulations. Thermal radiation from an exoplanet and its parent star are analysed.
Geometrical configurations of extra-solar planet rotating synchronously around parent star are explored
for a feasibility study of the detection. A Jupiter size planet in orbit at 0.025 astronomical unit from Sun-
like parent star should have a harmonic signature of up to 0.2% in amplitude with a period of the planets
orbital duration. Such a signature is difficult to detect when making absolute measurements, but by dif-
ferential methods of analyses, and using a radiative transfer model to take into account background sky
contribution of the Earth’s atmosphere, this relative accuracy can be reached. Some results of simulations
of observation are also presented.
! 2009 Elsevier B.V. All rights reserved.
1. Introduction
Discovery of extra-solar planet around main sequence star 51
Pegasus in 1995 by Mayor and Queloz [1] intensified developments
of new studies in this new field of astronomy because of the obvi-
ous links to planetary system formation, atmospheric and geo-
physical sciences, and detection of extraterrestrial life [2]. State
of the art observational techniques such as interferometry and
adaptative optics are now intensively used from the ground and
will soon be used from space to improve direct detection of ex-
tra-solar planetary systems (see for example reviews [3 or 4]). Also,
detection of water and oxygen outside our solar system became a
priority recently because of their role as chemical basis of extra-so-
lar life [5]. Finally, the topic of this paper, determination of physical
properties of exoplanets is a challenging issue because we need
constraints for our planetary models to understand formation
and evolution mechanisms, and we need information on the atmo-
sphere and surface of planets to evaluate the possibility of life.
Observation in the infrared is in intensive development for
observations of interstellar and interplanetary mediums. Planets
in our solar system have surface temperatures from 60 K to
700 K and the maximum black body emission for these tempera-
tures falls in the mid-infrared region. Observation in this spectral
range is more suitable than in the visible [6], but the brightness
of the parent star remain a problem as well as the low accuracy
of absolute measurements in this spectral range. Developments
of observational tools in the infrared should be completed with
improvement of detection method adapted to extra-solar planets
observation to achieve measurements of the surface brightness
temperature of extra-solar planets.
Observation in the middle infrared allows brightness tempera-
ture measurements of a planet, which is an important parameter
because it provides information on life feasibility at the surface
of the planet and indicates the possibility of an atmosphere,
depending of orbital conditions. Observation of astronomical
bodies in the infrared is planned and already operational within
European and international projects like TIMMI2 and VISIR at
ESO, La Silla, Chile, and also more recently with HARPS [7,8].
Mostly oriented toward planet formation purposes, these experi-
ments are open for proposal and the availability of these large tele-
scopes provide access to detection of exoplanets with techniques
that are complementary to the radial velocity method, such as
the one presented here. The main goal of this paper is to show that
the mid-infrared spectral range is suitable for extra-solar planet
detection, as well as for determination of their physical parame-
ters. I will describe our proposed method of detection of exopla-
nets and retrieval of thermal surface properties of exoplanets,
assuming orbital parameters are known from the radial velocity
method. The objective of this paper is not to compete with existing
detection methods, but to open a new area for determination of
their properties, not explored extensively until now, in order to
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increase the number of physical parameters of planets we can
observe.
After a presentation of the method, I will present the general
conditions taken into account in the simulations, followed by
computation of observational parameters concerning the bright-
ness of the extra-solar planet and parent star system. Then I will
make a sensitivity study to identify atmospheric parameters
important for ground-based observations in the infrared, followed
by a feasibility study of infrared observation from the ground. The
conclusion of this work will indicate the perspectives of the pre-
sented method.
The surface of an exoplanet indicates here the dominant emis-
sive layer of the exoplanet in the infrared, being gaseous, liquid
or solid: formation and possibility issues are not the topic of this
paper and are not determinant in the simulations and are almost
unknown for ‘‘hot Jupiter” like exoplanets.
2. General approach
Seen from the Earth in an orbital plane parallel to the line-of-
sight, a planet rotating around its parent star shows alternatively
its day and night faces. For extra-solar planets detected recently,
most of them are so close to the parent star that they are thought
to be dynamically locked because of tidal forces [9] and should
have synchronic rotation around the parent star. This will produce
a large gradient of temperature between night and day sides be-
cause the main source of heat for the planet is its parent star irra-
diance (see Fig. 1).
The surface temperature of the planet depends mainly on its
surface and atmospheric thermal properties: thermal emission,
thermal conduction. Transport in the atmosphere or ocean also af-
fect thermal budget and therefore temperature. An atmosphere
modifies the net thermal budget because of absorption and reflec-
tivity, and because of dynamic transport from cold to warm sides,
reducing the thermal gradient [10–13]. The goal is to enhance the
measurement possibilities using the thermal differences between
day and night sides seen alternately from the Earth because of
the orientation of the line-of-sight, with a period corresponding
to the period of the planet rotation around the parent star (see
Fig. 1). Similar techniques but using transiting exoplanets during
secondary eclipse have been proved efficient to measure thermal
emission from space, but restricted by the low probability of such
event [14,15].
Another important point for the proposed method is based on
data analysis using relative methods and multi-parameters analy-
sis. For infrared observations from the ground, absolute measure-
ments are difficult because (i) the Earth’s atmosphere itself is a
dominant source at these wavelengths, (ii) the optical thickness
of the atmosphere is varying rapidly at these wavelengths due to
aerosol and water vapour, CO2 and ozone content in the gas phase,
and (iii) the need for a reference star or source (which are infre-
quent, see catalogue at La Silla Observatory web site for example,
www.ls.eso.org) which makes observational conditions even more
difficult. We propose to study the relative variation in time, of sev-
eral mid-infrared windows, one more sensitive to relatively high
temperatures (i.e. shorter wavelength) and the other more sensi-
tive to cooler temperatures (i.e. longer wavelength). Clearly, if we
have the possibility to separate individual contributions: atmo-
spheric radiance and transmission, telescope radiance, and source
radiances in term of individual measurements at different wave-
lengths, then, our experience in statistical analysis indicates that
the relative accuracy can be improved significantly [16,17]. For
example, trend analysis in ozone or atmospheric temperature uses
efficiently such techniques to detect harmonic signatures even on
top of a very high constant signal even when measured with large
uncertainties [18–20].
The general approach of our proposed method is composed of
four points:
(1) To make measurements in a spectral range where planets
thermal emission is maximum.
(2) To have enough sensitivity for detection from the ground.
(3) To use relative and differential measurements to be freed
from absolute calibrations.
(4) To search for harmonic variation in the signal seen from the
Earth during planets (known) rotation around parent star.
These four points determine partly the general conditions cho-
sen in the next paragraph and for the observational technique pre-
sented in this paper.
3. Brightness temperature of synchronous exoplanets
In this paper, calculations are made assuming a Jupiter size pla-
net rotating synchronously around a parent star with similar spec-
tral type G4 at emission temperature of 5700 K and Sun-like size.
Also, wewill assume that all bodies presented here are black or grey
and follow the Planck emission relationship. Surface thermal prop-
erties of the exoplanets are assumed homogeneouswith a visible al-
bedo of 0.07 and an emissivity of 0.9 in the infrared. These values are
in agreement with ISO-SWS observations of cloud free Jupiter at
10 lm [21] chosen because these parameters are not measured
yet for ‘‘hot Jupiter” like exoplanets. Heating internal sources are ne-
glected and internal heat flow from the core to the surface, which is
negligible on Earth (few mW/m2) compared to solar irradiance
(1367W/m2), will also be neglected [22]. Discussion on the age of
the observed planetary system is then excluded at this stage.
The temperature at the surface of a planet is determined by its
parent star irradiance on the day side and on thermal cooling prop-
erties on the dark side. On bodies without atmosphere or oceans,
these effects are straightforward, not being perturbed by thermal
convection and transport. Synchronic planets have the local star
zenith angle always the same at the same location and therefore
constant irradiance, leading to nearly stationary thermal state un-
less large eccentricity of the orbit. On the dark side of the body the
temperature of the surface depends of its radiative cooling and
thermal conductive properties. On the day side of the planet, the
parent star permanent irradiance will determine surface tempera-
ture, limited by radiative cooling and at lower level internal ther-
Fig. 1. Extra-solar synchronic planet and its parent star seen in the infrared from
the Earth.
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mal conductivity. Also, diurnal variation is fast enough for the ther-
mal wave to propagate to few meters or less from the surface only.
Note that taking into account model calculations using high reso-
lution thermal conductivity for Mercury does not modify signifi-
cantly our results because surface day side temperature is
dominated by surface layer thermal radiance [23]. Another point
re-enforcing the temperature difference between hot and cold
faces, thermal conductivity at the sub-surface should not play a
determinant role due to the existence of a gas phase instead of so-
lid phase, because for the same reason as for the atmosphere, the
distances are so large that there is not enough time for mass trans-
fer unless unrealistic dynamical consideration are assumed
[24,25]. The planetary orbital plane is assumed to be in our line-
of-sight except when indicated. Dark sky (3 K) and zodiacal light
(280 K, s = 3e!8 [26]) in the visible radiation is neglected because
they can be assumed to be constant in (relatively short) time on
the line-of-sight, removed when using a relative method. Reflec-
tions and radiation from hypothetical nearby cold bodies (satellites,
other planets, other bodies) are neglected because of the weakness
of the signature. The length of the orbit of the planet around the par-
ent star is usually small (less than one astronomical unit) compared
to the distance of the system to the Earth (several parsecs) and var-
iation of radiance due to distance variation is also neglected. The
scintillation limit has no significant effect for such calculations be-
cause angular resolution is not needed for the method. Reflected
light from the star on the planet is not taken into account because
the dilution factor acts twice. Even so, because the effect is similar
to the thermal variation in term of period and phases of the planet,
it enhances the detection possibility having the same sign and
amplitude complicating only the interpretation of observations.
The calculated temperatures for selected distances to the parent
stars are 1605 K at 0.025 a.u., 1135 K at 0.05 a.u., 803 K at 0.1 a.u.,
508 K at 0.25 a.u., 359 K at 0.5 a.u. and 254 K at 1 a.u. Using theses
results, we assume for the rest of this paper a temperature of
1500 K for the exoplanet. Then radiation is computed using
Planck’s black body formula. Results are shown in Fig. 2 for simu-
lations at 5, 10 and 18 lm, selected because they are atmospheric
windows for observation. The relative radiance enhancement
shown during the orbital period of the planet indicates clearly
what performance we need to achieve for planet detection using
photometry in the mid-infrared region. Here, the sky background
and the telescope contributions are not included in calculations
for clarity. The signal (exoplanet) to be detected from the photo-
metric observation at 5, 10 and 18 lm is at 0.14%, 0.2% and
0.25% respectively. This is the amplitude of an oscillation to be de-
tected on top of a large signal (exoplanet + star). Our objective is to
study the possibility of detecting such low amplitude harmonic
variation in the infrared or to find some analytical technique to
highlight such a signature. Using channels at larger wavelengths
increases the detection possibility. For this reason, study of
ground-based observations in atmospheric windows at wave-
lengths 5 lm is not pursued in this paper and enhanced study will
be made for windows at 10 and 18 lm.
4. Sky radiance and transmission at Observatoire de Haute-
Provence
Simulations of the zenith sky radiance RadModTran3 and transmis-
sion TransModTran3 at ground-level in the spectral band from 6 to
30 lmhave beenmade usingModTran3 online software of the Uni-
versity of Chicago, Department of the Geophysical Sciences, cour-
tesy of David Archer. Density, temperature, ozone, carbon dioxide,
water vapour and atmospheric background aerosol profiles are ta-
ken from Handbook of Geophysics [27] for mid-latitude in winter,
here and after called the reference ‘‘REF” simulation for observa-
tions aboveObservatoire deHaute-Provence (OHP, South of France).
Note that well known recent evaluations of trends at mid-latitude
for carbon dioxide (330 ppm in the simulation, nearly
370 ppm now), methane (increase from 1700 ppt in the model to
1745 now), ozone (decrease of stratospheric ozone, increase of
ozone in the troposphere) and temperature are not included in sim-
ulations at this stage (see [28] and references therein for review).
Sensitivity to atmospheric changes has been made applying 10%
variation from each reference profile independently and assuming
the linearity of the effects in considered intervals. Effects on radi-
ances are dominant (from !20% to +30%) compared to the effects
on transmission (!4% to +3%) . Small changes of ground-level tem-
perature and high altitude cloud’s optical thickness have dominant
effects, followed by H2O.
Sensitivity to atmospheric changes of temperature andwater va-
pour has been made applying variations from the reference profiles
independentlyandassuming the linearityof theeffects in considered
intervals. The effects of temperature variations from!10 K to +10 K
compared to the reference profile indicate that radiances increase
with temperature at all wavelengths and on linear way with coeffi-
cients depending of the spectral range selected (see Fig. 3). Note that
we found a linear fit of 1.3% per Kelvin demonstrating the linearity of
this dependance with high accuracy, with a v2 of 3 " 10!5.
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We also studied the sensitivity of the radiances to water vapour
changes by a scaling factor on the total column. Values of the scal-
ing factor are taken arbitrarily from 0.5 to 1.5 compared to the ref-
erence profile. The 15 lm channel is not affected by these
variations, but 8 lm, 12 lm and 18 lm channels are affected on
a linear scale with H2O amount. Also, the channel near ozone band
at 9.5 lm is less affected than the previous channel, by one order of
magnitude.
Fig. 4 shows the relation between the change in water vapour
enhancement factor and relative effect on radiance in the 11–
13 lm window. A change of 10% of the water vapour mixing ratio
around REF (dry) profile provides a relative change of 8.6% of the
radiance in this spectral range. Similar effects are obtained in the
8–9.5 lm and 17.5–21 lm windows (not shown). The v2 of
1 " 10!3 of the polynomial fit shown in the figure indicates the
reliability of the relationship, and of course the possibility to use
simultaneously the previously indicated channels for multi-correl-
ative study of atmospheric water vapour variability, and therefore
for a better evaluation of atmospheric radiance and transmission at
these wavelengths. Then clearly, a first approach of the relative
method should be to test the possibility to reduce temperature
and aerosol effects from measurements at 15 lm, to deduce water
vapour variation using a channel at say 19.0 lm and to search for
the thermal signature of the exoplanet in the 8–9 lm and 10.2–
13 lm channels. Note that the signature of the parent star, as-
sumed constant in time, should be removed by differential analy-
sis, leading to the exoplanet’s signature only. A validation of this
technique can be made only with simultaneous observations in
the indicated channels and using multi-correlation analysis. Note
that such a differential method is commonly used for satellite mea-
surements of tropospheric CO2, aerosol and water vapour in the
infrared (Chédin, personal communication), as well as for strato-
spheric ozone and aerosol retrieval (TOVS, TOMS, etc. . . ). Also,
using simultaneous atmospheric measurements should be neces-
sary to validate such technique as well as to evaluate atmospheric
variability during measurements. These are presented in the next
section.
5. Facilities at Observatoire de Haute-Provence
Observatoire de Haute-Provence (OHP) is located at 650 m alti-
tude, 44" Latitude North and 5.7" Longitude East. This is an ideal
site to develop or to improve a method to reduce astronomical
observations using geophysical data because both stations are on
the same location. We dispose of several lidars (light detection
and ranging) at the geophysical station able to retrieve vertical
profile of constituents from the ground to 100 km [29]. The lidar
is an active remote sensing instrument similar in principle to the
radar but operating in the optical range: backscattered light is re-
corded with high temporal resolution, allowing ranging, i.e. verti-
cal profiling with altitude equivalent to half the path of the light
(h = c.t/2). Depending on the desired measurement, lidar systems
use various light-matter interactions such as Rayleigh, Mie and Ra-
man scattering or fluorescence. Measurements of atmospheric
ozone are made using the differential absorption laser technique
(DIAL) at two wavelengths; temperature measurements can be
made using the Rayleigh and Raman processes at one of several
wavelengths; and aerosol (including cirrus and sub-visible cirrus
clouds) can be retrieved from Mie scattering. Experimental exten-
sion provides H2O, NO2 and CO2 and all these measurements are
made for long term study with state of the art techniques and anal-
ysis procedures in the frame of the Network for the Detection of
Atmospheric Composition Change (NDACC), the international net-
work of high quality remote-sounding research stations. Lidars are
providing vertical profiles of constituents at very high vertical
(from 0.2 to 1 km) and temporal resolution (one profile every 2–
20 s) during the night. Profiles can be summed for longer integra-
tion time or for statistical studies. Complementary measurements
of ground-level ozone, temperature, humidity, water vapour, and
pressure are made permanently at the station [17,30].
The need for geophysical parameters is justified by two reasons:
first, we need to identify a perfectly stable night in term of IR sky
radiance, and a satellite cloud-less instant map, taken usually
every 30 mn, is definitively not enough for our study. Sub-cirrus
clouds for example, frequent at OHP but also all around the world
so seriously affect the radiance that a selection of cloud-less nights
would reduce observation possibility to few nights a year [31].
Sub-cirrus clouds are highly variable and appear nearly every night
with duration of few minutes to few hours. For a wind of 30 m/s at
10 km (tropopause level and jet stream [27]), this will suppose an
extension of 60" at zenith i.e. 40" from the horizon for 10 mn, indi-
cating the time interval needed for non-perturbed observations.
Obviously we would select sub-cirrus free periods of a fewminutes
during the night. Secondly, the vertical profiles provided by the li-
dars can be used to simulate infrared radiances from the sky and
therefore to reduce observation. In that case, we have calculated
the impact of variations of atmospheric components to sky radi-
ance using a ModTran3 utility. Table 1 provides results of simula-
tions using available literature or direct observations on OHP real-
time lidar profiles (courtesy of Philippe Keckhut) for 10 mn expo-
sure or integration time. For CO2, we found that a variability of
0.1% during a unpolluted period is large enough to be in agreement
with calculated daily changes <0.5% observed in similar condition
[32]. Development of a CO2 channel on OHP lidar in the near future
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Table 1
Relative uncertainties of the zenith sky infrared irradiance and transmission
calculated for OHP, and the net effect evaluated using common relative variability
on total columns. Values are all in %. Calculations are made using ModTran3 radiative
transfer model (courtesy of David Archer from University of Chicago) and vertical
profiles from the Handbook of Geophysics [27].
Constituent H2O CO2 O3 T O3 S Sub-
cirrus
T Total
Variation (%) +1 +0.1 +1 +1 +1 +0.1
Radiance +0.35 +0.047 +0.02 +0.02 !0.87 +0.63 1.13
Transmission !0.06 !0.014 !0.0056 !0.017 +0.095 !0.085 0.14
Net +0.29 +0.33 +0.0146 +0.003 !0.775 +0.545 1.04
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will help to demonstrate locally such variability. For tropospheric
and stratospheric ozone lidars and ground-level sensor, the abso-
lute accuracy is 4% and the relative accuracy of the profiles is
<1% because most of the sources of errors are systematic (error
in cross-sections, laser beam and collecting mirror parallelism,
standard background aerosol in lidar equation). The H2O lidar is
still in an experimental phase at OHP [17], but we believe that
when available, the relative accuracy of the tropospheric profile
combined with the meteorological station humidity information
(due point sensor) will provide a 1% relative accuracy for dry win-
ter cold, cloud free nights. For temperature and aerosol profiles, the
expertise at the OHP station has been a determinant for the selec-
tion of the observatory and value of 0.1% for temperature (i.e.
0.273 K) and 1% for sub-cirrus optical thickness relative uncertain-
ties are realistic for durations of 10 mn. Note these results are for
zenith sky observations and a coefficient of 1/cos(RA) must be ap-
plied, where RA is the right ascension of the line-of-sight affecting
the results by 10% at 25" solar zenith angle (SZA) and by 30% at
45"SZA. Also, background aerosols are included in the calculations
but not their variations within 10 mn. This effect depends of the
temperature at the altitude of the aerosol variation, but within
10 mn of a clear dry, cloud free winter night, it should be less than
1%.
6. Feasibility study for high accuracy IR photometry on 1.2 m
telescope at OHP
In this part, the objective is not to demonstrate the feasibility of
exoplanet detection, but to study the feasibility of accurate mea-
surements in the IR with dedicated instrumentation. At this stage,
absolute simulations are made without assumption on the effi-
ciency of relative and multi-parameters methods. Conditions to
make measurements on a bright star with the 120 cm telescope
at OHP will be presented and evaluated to prepare exoplanet
detection presented in next section.
Measurements from 7 to 21 lm are planned to be made using a
HgCdTe Judson commercial detector with an area of
250 lm " 250 lm (SDet), a field of view of 10" (XDet), cooled with
liquid nitrogen at 77 K. The electric noise of such detector for the
higher shutter frequency of 1000 Hz is 1.26 " 10!9 V/Hz1/2, the
responsivity 1.5 " 104 V/W, validated in our laboratory, and the
sensitivity curve versus wavelength (around 90 in our spectral
range) are provided by the commercial.
The OHP telescope used for simulation here and for measure-
ments in the future, has a diameter of 120 cm and a Newton focal
plane at 7.2 m. The field of view on the detector, with a scale of
35 lm per 00 corresponds to 700 " 700. The impulse response of the
telescope or Airy function at 10 lm is 3.300 . Calculation are made
here integrating the field of view on this surface. The secondary
mirror is supposed to radiate at 273 K (0 "C) at OHP and at
!20 "C at 4000 m in winter, to have a very low infrared emissivity
as newly alumined, and to fill into the field of view of the detector,
occulting the telescope’s walls. The reflectivity of the mirror is as-
sumed to be 1 in the infrared.
Fig. 5 (upper panel) shows results of our calculations for an inte-
gration time of 10 mn on the star Alpha Bootis. Calculations have
been made using black body radiation at 4030 K (temperature of
Alpha Bootis from visible spectrum) normalised to its radiance at
10 lm, i.e. 550 Jansky observed with Short Wavelength Spectrom-
eter (SWS) onboard the Infrared Space Observatory. We selected
normalised black body radiation to compute star irradiance in
the infrared, here and in the following part, because of the low
quality of spectra at larger wavelengths, perturbing our simula-
tions. At around 10 lm and except on the O3 absorption band at
9.5 lm, Alpha Bootis signature is five times higher then the atmo-
spheric 1% variation and is even much larger than photon and
detector noises. In 8–13 lm spectral range and for 10 mn integra-
tion, absolute photometry on Alpha Bootis should be possible with
a S/N ratio better than 3. This indicates that improvements are still
possible in this field of detection because detector noise and pho-
ton noise limits are not approached. The lower panel shows the ra-
tio between Alpha Bootis and total signal. Maximum values
(spikes) reach 15% at around 8.5 lm but are not very useful when
using large spectral band photometry. The spectral range between
8 and 13 lm without the ozone band is indicated to validate the
absolute accuracy using dedicated instrumentation. The spectral
range between 16 and 21 lm is less favorable to detect Alpha
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Bootis in the infrared from the ground because the total irradiance
is then more than 4000 times larger than the star irradiance, need-
ing much more accurate photometry. Using a combination of mea-
surements at 8–9.5 lm, 10.5–13 lm, 14.5–15.5 lm and 16.5–
21 lm, we should be able to increase the accuracy of relative pho-
tometry instead of using an absolute method. Radiative transfer
calculations (not shown) indicate that weighting (or contribution)
functions for zenith sky viewing atmospheric radiance in this spec-
tral range is dominated by tropospheric layers: the first 2 km of the
atmosphere above OHP provides 80% of the total zenith sky radi-
ance. Similar remarks can be made on the variability of the atmo-
spheric constituents: night-time variability of the zenith sky IR
radiance is dominated by lower layers. Significant improvements
can be made using larger telescope at higher altitude, as it is pre-
sented in the next section.
7. Feasibility study for a 400 cm telescope at altitude 4000 m
Here the feasibility study concerns detection of exoplanets and
their emission temperature determination. We used the same ap-
proach for feasibility study as in previous chapter, however, some
changes have been made in simulations: the diameter of the tele-
scope has been set up to 400 cm and the altitude of the station to
4000 m. Spectral irradiance from the full exoplanet outside Earth’s
atmosphere is calculated using Planck function for the mean tem-
perature of the exoplanet integrated previously taking into account
geometrical and line-of-sight effects, and affected by the dilution
factor of the observation. Then the exoplanet’s spectral irradiance
on the detector is calculated using transmission computed for alti-
tude 4000 m at mid-latitude in cold winter [27].
The first direct effect of increasing the diameter of the telescope
gives the possibility to reduce the exposure time. The second effect
concerns the size of the Airy function of the telescope as the size of
the star on the detector is reduced and the sky contribution as well,
which, as indicated previously, is one of the most important
parameters for the experiment. Observations at higher altitudes re-
duces the lower atmospheric layer contribution. These lower layers
are the most variable ones. We expect that in these conditions, and
with refined method for correction of atmospheric variability pre-
sented previously, a relative accuracy of 0.1% can be obtained.
Fig. 6 shows results of simulations in these conditions for a Jupiter
size exoplanet and a Sun-like parent star located at 10 l.y. of our
solar system. Note that the 100 closest stars are at less than
20 l.y. indicating the significance of this result.
Note also that the dominant sources, the secondary mirror and
the background sky are not shown in the upper figure for clarity.
Increasing the integration time increases the detection possibility
of the exoplanet’s signature, relative to the instrumental noise
and compared to the photon noise detection limit (upper panel).
The ratio of the signal from the full exoplanet versus the total sig-
nal (lower panel, includes mirror and background sky) is not in-
creased by longer exposures because radiances of exoplanet,
background sky, star and mirror are all increasing with the integra-
tion time. The 0.1% relative accuracy necessary to detect the exo-
planet’s signature is then in agreement with the same order of
relative accuracy expected with this method. Also, another way
to increase the feasibility of this experiment: cooling the secondary
mirror of the telescope to 77 K would increase the ratio between
exoplanet signature and total radiance to 0.15% (not shown), a
not negligible improvement to be explored in the future.
8. Detection limit
The detection limit is calculated here taking infrared brightness
of Tau Bootis measured by SWS on ISO, available on the web, cour-
tesy of G.C. Sloan and others. Radiative transfer calculations have
been made for an exoplanet with surface temperature varying from
600 K to 1500 K, orbiting around a Tau Bootis like star at 1–15 par-
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secs from our solar system. Results are presented in Fig. 7. Integra-
tion time is 1 h. Isolines indicates the ratio between full exoplanet’s
signature and detector noise. This ratio has been calculated with-
out atmospheric and star brightness considerations, assumed to
be significantly reduced in the differential approach. Values larger
than 1 indicates that exoplanets are detectable in this domain, if
any. These values can be considered as our theoretical S/N ratio
from space or from the ground if proposed relative differential
method is able to take out atmospheric and star compounds. The
domain covered by the detection method is limited to few parsecs
only and can not compete with other, well established powerful
methods, but the determination of exoplanet’s temperature is a
challenging issue that is within the theoretical detection limit of
the proposed method.
9. Conclusion and perspective
In this paper, numerical simulations show that photometric
detection in the spectral range 5–18 lm of a planet at surface tem-
perature from 600 K to 1500 K is possible in solar neighbourhood.
Existing projects of observation from the ground or from space will
soon provide a very good opportunity to demonstrate the validity
of the method in order to enlarge our ability to detect extra-solar
planets and to enhance the number of observed parameters of ex-
tra-solar planetary system. Today, several telescopes are announc-
ing detections limits and accuracy very close to exoplanet’s
detection limit without use of differential methods. We are devel-
oping dedicated instrumentation to validate our approach. Obser-
vations are planned to be made in near future at OHP to
demonstrate the feasibility of high quality relative photometry
with the collaboration of the geophysical station at OHP. This will
be the first stage for more developments and for future validation
of the method. Because of the proximity of H2O and O3 absorption
bands in the mid-infrared, this spectral range should be also indi-
cated for life search outside our solar system and extensive studies
of observational techniques in this spectral range remains our
objective in fine.
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Fig. 7. Detectability of exoplanets depending of their temperature and distance.
Values on isolines indicate the ratio between exoplanet radiance and detector noise
for 1 h integration on 400 cm telescope. Values larger than 1 indicate that
exoplanet, if any, could be detected in theory with this method.
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